
NASA-CR-19 8618

I? 2 5-1 / "-i
/-/'<U-/7"---

/.4"

ENERGIZATION AND TRANSPORT OF IONS OF

IONOSPHERIC ORIGIN IN THE TERRESTRIAL

MAGNETOSPHERE

NASA Goddard Space Flight Center

Contract No. NAG5-1554

SwRI Project No. 15-4258

Final Report

30 April 1995

(NASA-CR-198618-Rev) ENERGIZATTON
AND TRANSPORT GF IONS OF

IONOSPHERIC CRIGIN IN THE

TERRESTPlAL MAGNETOSPHERE Final

Report (Southwest Research Inst.)
67 p

G3/46

N95-28035

Unclas

0049980

Prepared by

J.H. Waite, Jr.



Final report for NASA grant NAG5-1554

This serves as a final report for grant NAG5-1554 entitled Energization and Transport of

Ions of Ionospheric Origin in the Terrestrial Magnetosphere. The work has been predominantly

focused on ion outflows identified in two data sets: 1) Prognoz 7 and 2) Dynamics Explorer.

The Prognoz analysis has been carried out in conjunction with Dr. Oleg Vaisberg of IKI.

The study analyzed ion densities, temperatures, and flow velocities in the magnetotail. The work

performed under this contract consisted of developing a program to load the raw data, compute

the background subtraction of a strong sun pulse, and use the net counts to calculate the low

order moments of the distribution function. The study confirms the results of ISEE that the the

cusp is a major source of plasmashcet plasma and goes beyond this to discuss the use of ion

velocities as a way to examine the motions of the magnetotail. The initial work will be reported

in Advances in Space research and is included in abstract form as Appendix A. In addition,

Appendix A also contains a draft of a paper by Delcourt et al. which will be submitted to

Geophysical Research Letters in June.

The work on the DE/Retarding Ion Mass Spectrometer data set represents the bulk of the

effort. The work carded out under this grant is separated into two categories: 1) classification

of low-energy ion flows from high-latitudes, and 2) studies of the polar wind. The work on

classification of ion flows has consisted mainly of support work on studies that begin before my

departure from NASA Marshall Space Flight Center. The major publications that have resulted

from this work are: 1) the determination of plasma fluxes from the cleft ion fountain Pollack et

al. [1990] and the recent thorough analysis and characterization of DE/RIMS high-latitude ion

outflows by Giles et al. [19951. These reprints are included as Appendix B of this report.

The polar wind is indeed a component of the low energy ion outflow at high latitude.

However, the extensive theoretical work on this subject puts it in a category all to itself. The

analysis of the polar wind by the RIMS group in the late 1980's culminated in the work of

Chandler et al. [19911 (see Appendix C). This work reports the flux variability as a function of

season, magnetic activity, etc. and was partially supported by this grant. In addition, much effort

has been expended under this grant to complete a follow on study of the thermal structure of the

polar wind. Extensive display tools and analysis software have been developed and used in an

attempt to carry out this thermal analysis. However, the difficulties of performing multi-

parameter, non-linear least squares fits has so far proved to be insurmountable. Therefore, the

present work (see notes in Appendix C on work still in progress) uses a constrained fit scheme
that combines the ion densities and flow velocities derived from Chandler et al. [1991] and a

spacecraft potential derived from an empirical relation to the total ion density (utilizing the

complete RIMS data set) to determine the remaining fit parameter, the ion temperature, via a

least squares fit to the RIMS data. Reports of this work are anticipated in the near future.
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ABSTRACT

The plasma spectrometer SKS on the Prognoz 8 satellite was able to measure the very dilute

plasma in the tail lobe at distances 15-20 Earth radii about 50% of the time. The energy of the

ions, being in the range of several hundred electron volts, decreases as the satellite moves from

the high-latitude magnetopause to the plasma sheet. The velocity spread of the ions is narrow

in the direction of motion, corresponding to a temperature of several eV. The temperature in the

transverse direction is 2 to 3 times higher. Comparison with magnetospheric convection models

suggests that these ions originate at low altitudes in the region near the cusp and are separated

in the magnetospheric velocity spectrometer. Observed velocity variations along the spacecraft

trajectory suggest the existence of a characteristic velocity profile and a characteristic

temporal/spatial scale. Comparison of simultaneous E/q measurements with mass-selective

detector measurements of protons and the alpha particles suggests that lobe plasma at these

distances consists primarily of oxygen ions. The average ion flux density is about 3x105 cm -2
s1, giving estimated total flux over the lobe about 102"J s-l, comparable to cusp/cleft source.
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SIGNATURES OF IMPULSIVE CONVECTION

IN THE MAGNETOSPHERIC LOBES

D. C. Deleourt I , J A. Sauvaud z , (). 1,. V_ergJ, I,. A. Av_mnv 5,

.I !. Rureh*, and J I-] Wt_ite, Jr _'

Abstract. We examine the injections o¢ tailw_rd flowing O + ions measured by thc

PltOGNOZ-8 sp_eerat_ in the magnetospherie tobes using tl_ee-dimensional siJ_h:-patticlu

codes. The _epettted et_ergy-tlme ini_tivJ_ Imttel1_ t)b_lved zn'e unexpectedly welt correlated

with AE veuiativn_ during a I.ime int,v'al of about 7 hours. Such a correlation leads us _.o

consider the effects of transient tntensiflc_tton of the large-scale magnett_phe, ric plasm_

convection. Using a simple m_del ¢fftime,.varying elec,trie. fie,ld, we ._.ow tlutt the _ouree of the

ion_ lies _ear 1he day,de cusp. 'l'hit iouree extend_ over _t narrow (a few degrees) latitudinal

interval i_ the vicinity of the last elofed field line, likely involvita 8 ions expelled into lhe

mal_netosphere _tfter being trarteversoly aeeeler&ted We demonstrate that, downstream of the

ejection site, impulsive convection leada to prominent structuring of the _ilwea-d streamin$

par'tides with abrupt energy vatit_tions on smelt length scales. We stress that the changes tn

large,-seal¢ plasma eonvectiot_ a_, li_tkt:d tu processes internM to the magnetosphere occurring

during substom_s. The ttgteement between the numerical results and the data provides fut_er

evidem;es tltttt fllere exists a close relationship between the ,41f _atinitude and the convection

d_trJc field.

1C_TD/CNR8, 8alnt-Mau_" des Fos_, Ft itl_©
z t.'._iRK'.NRS. Toulouse, France

IKI, Moscow, Ru_sitt

4 SwRI, S_ Antonio, Te._a_
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J.Introduction

On August 27 1981,tl_¢PROONOZ-8 spacecLafttravelinginboundillthema_ictosphcric

lobe (northern hemisphere) recurdcd _vtnal iujetaiuns uf ivll_ with cacl_ic_ in the 200-cV to

I-keV range and propagatine, in the antisolar direction. In a previous study, l"alsberg et al.

[19_] identified these tailward flowing ions as cold ion beams mainly consisting of

ionospheric ()_"and suggested they originate li'om the cusp region, l'he bottom panel ol"Plate 1

show,_ 1he energy-time spe_rogram rerxlrde_ during this pass. In this panel, it can hc s_n that

the Pg.OGNOZ-$ spaceerafl enters into the masnetosphere at approximately 06:30 UT as

identified by the intense flux oF energetic tailward flowing particles in the plasma mantle

adjoinin_ the mwe_netopause []_cA_¢nbauer et al., 1975]. Subsequently, as the spacccrttfl travels

ihroush the lobes in the vioinityof the midnightmexidianphtnc,rcpc_tcdstructurcoarc

noticeablewhich arcwellseparat©diniim¢and n_rly shap_ asinvertedVs, These structures

o¢¢u1 fiom -12:00 UT (Z _ 18 /¢._) uJttil -23;00 UT (Z - 8 RE). 'Ilm spat;attaR lh_n

en_ttnters the plasma sheet and ultimately the radiation belts.

h is of interest to notc that the occurrence pattern of the ion injection structures and the

simultaneous AJ,S variations ._own in the top panel of Plate I are quite ,_imilar in _.hape AS a

rustler of tact, a cross.correlation analysis between the AA' masnitude and the energy of the

maximum O+ flux in the spectra reveals a correlation coefficient of -0,7 betwccn 13:00 and

19:00 UT with a timo lag smaller tlmn -.10 minutes (the AE changc proceeding the cncr6,y

chanse ). This correlation sugSes_s that the injeotion structures arc linked to global chanses in

the magnotosphcrc and intimately related 1o substorm processes. As these AK vmitttit)as ate

indicators of substorms whidl lead to tcn,ptnaly ialtensifi_tlon of _hc largc-seale

magnetosphefic plasma ¢oave_liun, Ilau pu_pusu of this paper is to revisit more quantitative.ly

the ic,_ults of I/ai,_bcrg e_ al, [1995] using three-dimensional calculations of single-particle

trajectories in presence of a tlme.varying electric field.

2, Origin of laUwarcl Flowing O÷

In vic'w of the good zlp'cc_ncnt helween the A_ variations and the observed injection

pattorn, we start ,._th the s_._mplion Ihat the cross-tail potential drop can be directly related to
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the AE magnitude. Such an _umption dearly is oversimplified. In particular, large changes in

the AE magnitude provide ¢vldcnoosof modifications in the magnetospheric ourrent system,

mid the above assumption does not ¢xplicitcly take into account the induced electric field

which should result from oon_urr¢nt dynamical rccotLqBurationof'the magnetosphere. Still, wc

will see fium Lhc _huula|ioa ._¢sultsI.hat, ia first appror,imation, the above assumption is not

unreasonable in the magnctosphcd¢ lobes and that it leads to injection signatures whit;h arc

consistentwith those observed. As illustrated in the two upper panels of Figure 1, we focused

on the 10:00 to 1900 UT sequence of the PROGNOZ-g pass and modeled the cr0ss-tail

potential drop (d)) in a nearly linear manner with tile AI; magnitude, imposing threshold values

of 40 kV for AI,_ _ :200 nT and 200 kV for AE _, 1000 nT. The. variations thus obtained are in

qualitative agreement with previous detailed analysis of the relationship bet.wean the

magneto6phoric electric fiold and the current in the ionosphere [e.g., Karnid¢ andBaumjohann,

1985', ]Ochmond c# al., 1990, G. Lu, private communication, 1995], Also, the rcsuhing three-

hour averaged potential drops (heavy dashed line in the top panel of Fisur¢ 1) are comparable

lo thos_: derived usiug th¢ Maynard m_d Circa [1975] equation1 _ld app,opJJate values uf the

Kp pmameter, viz., Kp = 3_ from 9:00 to 12:00 UT, KU -" 5_' fiom 12:00 to 1800 UT, and Kp

= 4 + tYom :18:00 to 21:00 UT [Co,O'ey, 1981 ].

In order to perform _ingle-panicle analysis of the energy-time spectrogram in Plate I, we

sorlezl oL_t the enerb_ of the maximum O + flux during each 4-minute scan ot' one of the

PROGNOZ-8 spectrometers. Note that the fl]rc¢ _pectrometer= onboard PROGNOZ-R were

looking within ~ +/-7.5 ° from the Sun direction (i,e., close to the ma$netio field direotion), The

energy profile is very similar for all thr_ instruments and ia illustmtc, d in the third panel from

top in Figure I (hca'_3, solid line). The repeated invcrtcd-V like structur_ mentioned above arc

dearly apparent in this pand, and their modulation according to the AE lxatlgfitud¢ is readily

noticeable by comparison with the se._o,=d pau¢] _um top. To identify the origin of these

lailwmd flowing ions, we performed numerical _ra.icctory calculations backward in time from

1h¢ spacecraft location In the 'l:_ygcmenko [1987] model (referred to as T-87 hcrcmafter). Each

sample of the obsca'vcd distribution was assigned a test O+ with corr=pnnding energy,

assuming the particle to be nearly aligned with the magnetic field (ie, ne._rly _,_.romagnetic
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momon 0 in the guiding center tolerance frame. Under such conditions, the particle pitch angle

in the Earth's reference Frame is essentially due _o the local instantaneous E×B driPc velocily.

These pitch an_ies wcrc found to bc comprised between 50 and l S° at the spacecrat_ altitude

(l'vuith panel flora top in Figure 1), that is, in a raugc consistent with the dirc,ction of view of

thu PKOO_qOZ-8 detectors (Vaisbe_g c/at, [1995]). As for the location, it must bc stressed

that the spacecra_ft encounter with the _mg_tetopau_c al ~6:30 UT occ_Js somewhat Iow¢_ in Z

height than the position obtained in the %87 model (see open squar_inthe lcfl panel of Figure

2). This difference is of m_portanc¢ when tracking the origin of the tailward flowing panicles

a.q it e.an lead to unreahstic mapping into the ionosphere, hi the numerical calculations, we

adjusted the model magnetopause and the nhs_.rvcd nne by heightening the ._pacecra_ position

by about 1.5 R_. in Z height (_oe let_ panel of Figure 2), that is in practice, by retarding the

space_ai:t, orbit by about 3.8 hours.

The results of those calculations are shown in Plate 2 which shows the computed O"

trajectories (color-coded according to their arrival time at the, spa¢ocraR) until lhc flrs_ mirror

point encountered during backward tracing. These mirror points were all found below 1 It,i,:

altiLudu. Also, the tlu_ Iowcz panels vfFigur© 1 i)les©nt the magnetic ]o_;al time (MLT), the

invariant lartitudc OLA'I') gild the time of flight of the paxticl_s at mirror poim, It can be seen in

_hese panels _hat most of the ions originate from a narrow region in the ionosphere, both in

MI.T (be.twoam -10 00 and --II D0 hours) and in II,AT (betwe.m_ -70 _ and -80") Here, i!

should be poinled out that the ntu, erieal results are thitly sensitive to the particle pitch angle at

the satellite position as well as to 1.he mod©l adopted for the time-varying electric field. Trial

and error computations showed that only particles nearly aligned with the magnetic field aad

drifting in an electric field nearly proportional to the dE magnitude originate from the topside

ionosphere during the time interval und_ consideration. Other _mbinations 8ave uare, alistic

sources of O + located well above file ioaosph¢_e o_ ©yen i,_tl_ uut_:, mal/d_uto_phot¢.

On the other l)a_d, the vcalieai bar_ in the third panel from top reveal initial energies for

those O _ bctwe, cn -100 eV and several hundreds of cV Tl_ese results clearly corroborate the

suggestion made by Va/sbcr:z ¢_ el. [199:_1 that these ions originate from the cusp region. In

particular, the T-87 model used in these calculations (Kp = 4,4 +) places the last field line which
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isclosedin the daysid¢se,ctornear 75° ILAT, and itcml bc seenthatthe ionsdetectedby

PROONOZ-8 orlghlaLeflorawilhhla i'cwdegreeso_lchheJsideof thishs( _;luscdli_Idlinu.

Sigrtifioant wave activity is known to o_uur in this region of_he high-latitude ionosphere [e.g.,

Lu#d/n, 19S8] and fl'om the present results O e., characteristic energy of lhe order of a few

hundreds of eV and pilch angle of 90" below 1 IQ,: altitude), ion conics locally produced via

transverseheatingaxelikely1obethesourceoftheobservedtailwardSlowing()+

3. Impulsive Magnetospheri¢ Convection

An interestin 8 feature of the PROGNOZ-g data is the shaxp inverted V-like structurin 8 of

the ion energy (third panel from top in Figure 1). In particular, dear intcrrupiion_ arc

notice.ablebetween two successive_ruoturcswhich cannot bc interpretedsimply from

gcoma_etic mass spectromet_ [].ocl_wood etal., 1985] effects in steady state. Iml_d, E;x;B

drift in presenc© of a constant daw,l-to-dusk polxati_l dlup leuds to spatial dispersion of

paJtiulcs wilh difrtnum _tngies {ur masses) but in a _minuous manner. This clearly is

in_mpatible whh the dispersion pattern observe. To account for _he abrupt variatinn_

portrayed in Figure l, one must cnn_der temporal effe,ct._ wilhin the geomagnetic mass

spectrnmetcr'l'ndo go we pertbrmednumencel trajectorycalculationsforwardintimefrom a

given source in the topside ionosphere, adopting a time-varying potential drop as shown in the

top panel of Fib,ure 1. In view of the two bottom panels of Figure 1, the source in the

ionosphere was taken to extend over d ° ILAT on either side of the last closed £dd line at

! ],00 MLT, Test O _ were launched from rids line source at distinct times (by steps of 10-

mlrmtcs) throughout the 10:O0-19:00 UT intc_'val.

Examples of the trajectories achieved ate given in Figure 2. In this figure, one of the O +

(solid line) is i,_itiali_.,r.daL 76 ° ILAT while the other (dashed line) is launched l0 minutes later

flora a higher invariant latitude (77 ° R.AT), As a general comment, it can be seen m the upper

right panel of Figure 2 that, in both cases, a significmlt energy gain (tinm 300 eV up to _,00

eV) ts obtained after about 10-minute time of flight as the parlicles trsvd through a region of

enhanced field line curvature, As can t_e _en by comparigo)_ with the center risht panel, thig

energy gain essentially occurs in the parallel dire.._ion as a result of curvature drift through the
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_;t,jJv_tJot, electric field eXlUipotentials [c.8., Cladiz, 1986]. It is also apparent that phasi,,g

between the particle orbits and the tim¢-var_-in_ convection decuit; field (lower light pand of

Figure 2) leads to substantial variations in the net partide path. Most notably, the O+ launched

from a higher 1LAT (dashed line) wluch should intercept the spacecraft at a later time and a

lower Z height in the magnctosphoric lobe. is actually rccorde, d at a position similar to that of

lhe {.).i.originalin 8 t_nm a lnwer II.AT (solid line). This pha_ng effect combined wRh the above

curvature-related acceleration can provide the mee.hanism for the well-separated inverted V-

like _tructure, in Figure 1.

This can be appreciated ia Figure 3 which shows the energy variations obtained along the

satellite pas_ assuming either a constant (100 kV) dawn to dusk potential drop (top panel) or a

_imc-varying one (second panel from top). For simplleity, a 300-cV initial energy was

considercd in both _©s. In the st©_dy-stat¢ case (top panel), a continuous pattern is obtained,

tz,dfibitittg a munutt_nuus enelgy dt;taeune fi'om .-700 eV at 10.30 UT down to --450 ¢V at

15:30 UT. These variations result Item enhanced field line curvature in the outer cusp rel_on.

and thus larger energlzalton for particles launched from lower ILATs As mentioned above,

this pattern is incompatible with that obsexx, ed (light lin_q) even ¢hnugi_ lhe. ave,rage energy is

fairly well re.produced. In eonfrasl, in the second panel fi'om top, narrow O_ _truetures with

inereasin 8 and decreasing energies are noticeable from -.13:00 to ~1 ii:00 UT, which resombte

tho_e observed. In particular, 1he energy n_odulation follows quite well the AI,2 variation. Thi_

agreement is essentially qualitative as the amplitude of the energy elmnge is substantially

smaller than that observed. This latter effect may be due to the menu-energetic character of the

model source eonsidea_d. As for the time interval before -13:00 UT, the compuled pattern

shaq_ly dift'crs from the observations. He,sever, we note that Ihis period of time corresponds

to a fairly wcake_ mag_ctlc activity (Kp - 3+) whid_ may lead to distinct characlc, risties of the

outflow [e.g., )'uu e/uL, 19S6].

I(¢turning to the afternoon sequence, It must bc stressed lhaI the good agrec-menl was

obtained by shiRing the numerical results by -15 nunutes toward earlier times or, ezluivale.n_ly,

by considering that the injections respond lo variations in the convection rat.e. (/11,?magnila_de)

with a time delay of the order of 13 nurtures. Within the limits c_f _he modal, lhis estimate ig
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compatible with that obtained by dire_ comparison of the enm'Byspectra and the AK vari_on

profile (scc imroduotion). This time delay is _iBnificamiy smaller than the time of flight of the

particles from the ionosphere to the spae_rafi (ofthc order of 40 minutes; see Figure 2), but it

iscomparabletothetimerequiredforan O* totraveloverthedistancebotwccnthespacecraft

uud tilt:IC_OllOf eJflmaccdfieldlinecurvaturewhere energycan be gained.In otherwords,

what the numerical model suggests is thut |he stzuctm ¢d i.je_tiuz,s ubs_v=d du JJot Jesuit fiom

a temporal modulo'don of the O _ source in the cos0 region (which would take too long to

propagatedown to PROOHOZ-8) but from the time-era'ringelectricfieldactingupon _he

particlesduring theirmagnetospherictransport.This mechanism which operatesin the

mssneto_pheric lnhas is reminiscent nt'that di_ussed by Ma.k [19_6J m the near.Earth plasma

sheet wh_eby phasing between a surging electric field and 'die particle longitudinal motion

leads to repeated injection patterns.

Finally it should be pointed out that, due to the strong variability of the particle drift paths

with time (as illustrated at left in Figure 2). t©mporary flux dropouts arc obtained in Figure 3

which arc consistent with those fcatur_ in the data. These flux dropouts call for a limited

¢xtcJlsion of the sourr.¢ region in the ionosphcrt. Indeed, it cm_ be seen in rite s_ol_d pa.el

fi um bvl.tum i. Figmc .1 that =adi i.j_,'_fio, involves ions ulighJaLi.g flom 1OWe, ILAT_ owing

to the Intensifying magnetospheric convection. ]n contrast, a_" each injection, tha upper

latitudinal limit set on the source region (which extends from 71 ° I1.AT up tc_ /9 _' II .AT)

prohibit.q particle transpnrt from higher II.A'I's |o the. spxcecra'd. Note moreover in the bottom

pane.I nf Fig.re. 3 that the moclel O* have pitch angles in the range of lhe PROGNOZ.g

instroment (i.e., within ~l 5 ° fi'om the magnetic field direction).

4. Summary

The intent of this paper was to provide quantitative insights into the tailward injection,s of

O+ ions reported by Vat.berg et al. [1995] using numerical trajectory calculatio.s. The _lcm

corr©lafion we found b_wccn the observed i_jcctlo, s and the masonic a_;tivity (as vJew_l

from the ,dE variatiu.) suggests to cunsidur the effe_ Of sudden enhancements in the

nmgnctosphczit; ¢o.vet:tion rate. The interpretation framework develop_ in this study clearly
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'iS_ _n3'p_'z_ ci_s_ription of particle traJ_sportduring such ¢_'ems.NeYertheless, thct c uzu uluar

indications that impulsive convection is at work and is responsible fox"the observed injections,

namely: (l) numerical simulations of this effect place the source of the tailward propagating

ion_ in (he vicini(y of"the dayside cusp. i'Cr, m a region known to be an active source of 0 +,

and (2) =ready-state plasma ex_nvection cannot lead to a dispersion pattern compatible with the

observations. In contrast, the repeated inieetion structures as well as the flux dropouts between

them are well reproduced if' one confiders large electric field varistions on short time scales.

These variations le,'u:i to distinct energy gains durinlg transport from the ionosphere as well as

intricated drift paths which ocoasionally hzte.rcept the spaoooraft. It may be that part of this

electric field intemification is o9 inductive nature though the present study lumps it with the

]atge-scale conv_tio_. These results olcmly o_¢mplify the ,'o1©of substo_ m _p,nsiun zclated

el_ct]'ic fields in the inagIletosphcliL; lobes
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A Survey of Upwelling Ion Event Characteristics

C. J. POLLOCK, I M. O. CttANDI,ER. _ T. E. MOORE. _ J. H. WAITE. JR.-"

C. R. CHAPPELL,_ AND D. A. GURNETT _

Ionospheric ion upwelting in the vicinity ot the dayside cleft has been studied, based primardy on data from

the Dynamics Explorer I ,,pacecratt. Using retarding ion mass spectrometer low-energy ion data and plasma

wave instrument dc electric lield data. bulk ion plasma parameters• including ton species density and field-

aligned bulk velocity and flux. have been derived at points within a number of observed upwelling ion events for
the ion species H *. He -. O °. and O - * • The ion species bulk parameters near the source latitude are examined

and compared. We find that the upwelling plasma is rich in O -. which typically comprises _9Ock of the panicle

density, followed by H- at somewhat less than 10%. and then He" and O*-. each comprising -I% of
the upwelling ion panicle density. The upwelling O- ion flux is also commonly dominant over that associated

with the other species, with normalized values near the source region which are typically near 10_ cm -"s '. The

fractional upward H- flux is not as small as the fractional H" density due to the much larger H" upward

flow velocities. Integration of the product of the normalized upward ion species flux and the upwetling ion

occurrence probability (Lockwood et al., 1985) over the source area yields an estimate of the source strength of
this low-altitude cleft region magnetospheric plasma source of 2.6 × I0 -'5 ions s _.

I. INTRODUCTION

During recent years, it has been consistently demonstrated that

the Earth's ionosphere acts as a significant source of magneto-

spheric plasma [Shelley et al.. 1972: Young et al.. 1977:

Ghiehnetti et al.. 1978: Johnson. 1979: Balsiger et al.. 1980:

Gornev et al.. 1981; LuJtdin et al.. 1982: Collin et al.. 1984; Yau

et al.. 1984, 1985: Lennartsson and Shelley, 19861. In fact. it has

recently been argued [Chappell et al.. 1987] that ionospheric

plasma may fully populate the magnetosphere, with no significant

solar wind source being required to account for observed mag-

netospberic charged particle populations. Recognition of the

importance of the ionosphere as a source of magnetospheric

plasma began with observations of heavy ions, previously

believed to be gravitationally bound to low geocentric altitudes, at

magnctospherie altitudes. As such observations continued to be

rcportcd, in diverse magnetospheric regions such as the ring

current IJotmso, et al.. 19771, the plasma sheet [Peterson et al..

lt,_b;ll, and the plasma sheet boundary layer and tail lobes

IEastma, et al.. 19841. it became apparent that escaping plasma

transport from very low altitudes must be quite common. At the

beginning of the 1980s, however, the questions of transport

mechanisms and specific source regions were only beginning to

bc observationally addressed•

Observations of outflowing ionospheric ions have been

reported by a number of authors in the last decade. Outflowing ion

distributions which have apparently evolved, beginning with

transvcrse Ito B) acceleration and followed by magnetic mirror

folding, have been observed near I R_, [Sharp et al.. 19771 in the

topside ionosphere [Klumpar. 19791 and at sounding rocket alti-

'NASA Marshall Space Flight Center. Alabama•
:Southwest Research Institute. San Antonio. Texas•

'Department of Physics and Astronomy. University of Iowa. Iowa City.
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tudes [ Whalen et al.. 1978: Yau et al.. 1983; Moore et al.. 1986a:

Kinmer et al.. 1989]• Since the launch of Dynamics Explorer I

(DE I). observation of low-energy ionospheric plasma outflows

has become very common• The realization that the dayside mag-

netospheric cleft region represents a significant source of outflow-

ing plasma began early in the DE mission, based on backward

trajectory analysis of upflowing beams observed in high-altitude

(2-4 Re) polar cap field lines [Waite et al.. 1985]. This realization

reached maturity with the work of Lockwood et al. [19851 who

used DE I retarding ion mass spectrometer (RIMS) data to study

the statistical occurrence of various types of ionospheric outflows.

That work identified a persistent (occurrence probability exceeds

0.5 in source region) source of plasma emanating from the day-

side auroral zone. showed that this source apparently favors the

prcnoon region of magnetic local time. and showed that there is a

strong relationship between the low-latitude edge of the source

region and the location of (usually downwardl field-aligned

currents. They labeled the observation of the distinctive RIMS

spin-time signature associated with this outflow as an upwelling

ion event IUWI'I. Moore et al. 11986bl and Waite et al. 119861

presented case studies of an UWl, observed near 1930 UT on day

71 of 1982• They derived bulk flow parameters for several species

and demonstrated that the upwelling ion plasma core ts hot and

conically shaped, having undergone transverse energization at

some lower altitude. They also noted a strong shear in the

transverse electric field associated with the event.

The purpose of the present study ts to more broadly investigate

the bulk properties of UWls, using RIMS and plasma wave instru-

ment I PWI'J quasi-static electric field data. The results of the study

yield quantification of the densities and the upward field-aligned

velocities and fluxes, for the ion species H +, He-, O*. and

O* + . associated with these flows. These parameters, as measured

near the lower-latitude edge of the events, where the flows are

most intense, will be presented• All of the available altitude

normalized ion flux measurements from within the upwetling ion

events are combined with the statistical occurrence probabilities

derived by Lockwood et al. [19851 to produce spatial source

strength distributions. Integration over these distributions yields

an improved measure of the total tow-energy ion outflow rate

from this source region.

r'l,.r**_EL,3"-,G PAGE BLAN_ NOT FILMED
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2. [NSTRUMENTATI()N

2. I . The Spacecr(Ui

The observations presented in this report wcrc gathered using

instruments flown aboard the Dynamtcs Explorer I (I)E I) space-

trait. DE t was launched on August 3, 1981, into a highly ellipti-

cal polar orbit with apogee and perigee altitudes at 23.300 km

(4 b6 R_.. geocenmcl and 570 kin. respectively. The ortentanon

c,l the orbit plane is fixcd in the geocentric cquatonal inertial

_GEI) frame ol retk:rence, so that in the geocentric solar ecliptic

_(iSE) frame of retcrence, it iS seen to rotate westward at a rate of

_).98_/da,,. This provides for approximately one tull 360 ° rotation

ot the orbit plane in geocentric local time per year. Further, the

I)E I line of orbital apsides rotates about the negative orbit plane

normal at a rate of 120°/year. so that the geographic latitudes of

apogee and perigee drift retrograde at that rate. The spacecraft

orbit, then. very nearly repeats itself, in the Earth's frame of refer-

ence. once every 3 years. These aspects of the spacecraft orbit

influence our ability to study UWls, not only because the source

rcgmn has a limited geocentric solid angular extent, but also

becausc the flowing plasma seems to evolve substantially with

ahitude. Thcrelbre. the plasma characteristics which give rise to

the distinctive RIMS UW[ signature appear to exist only in a small

rcgmn of space sampled by the spacecraft for several months once

every 3 years. Furthermore, the orbit forces a phase-locked

ahitude-local time sampling which may bias the occurrence statis-

tics of the local time extent of the upwelling ion source region.

Other aspects of the DE mission have been described elsewhere

[Hoffimmn aml Schmerling. 1981 l-

2.2 Retarding hm Mass Spectrometer

Positive ion parameters presented in this report were obtained

using the DE I retarding ion mass spectrometer <RIMS)[Chappell

ct (tl.. 19811. The RIMS instrument consists of three similar

,,cnsor heads, one each viewing parallel and antiparallel to the

,,pacecraft spin axis I negative and positive Z heads, respectively)

:rod the third viewing in the spin plane (radial hcadL The two Z

heads leature circular ticlds of view with half angles ot 45 °. while

the radLal head views a field which has a 45 ': halt angle in the

plane perpendicular to the spin plane and a 20 ° half angle in the

,pro plane. Since the DE I spin axis ix nearly perpendicular to

the geomagnetic field, the fields of view ot the two Z heads are

centered nearly perpendicular to that field, and the field of vicw of

the radial head sweeps through a nearly full range of pitch angles

v, ith the spacecraft spin. All three sensor heads were designed to

discriminate among incoming positive ions on the basis of energy

per charge (0-50 eV_ql, using a retarding potential analyzer

!RPA). and on the basis of mass per charge (1-32 amuzqL using a

itlagnctlC mass spectrometer. Further. each sensor utilizes two

dctectors that are sensitive to ions with mass ratios ol 4 to I such

lhal. for example, while one detector ts viewing O +. the other is

_ lowing He*. The RPA on thc radial head tailed in late 1981. with

the retarding grid having become clcctrically groundcd to Ihe

',pacccrafl chassis so Ihat. subsequent to the failure date. all ions

_th energies per charge greater than any positive spacecraft

potential were passed into the magnetic mass spectrometer. The

mass spectrometer, in turn. is characterized by a finite energy

past, band. whose width ix dependent upcm the species mass per

char L,e and varies from approximately 250 eV for H + down to 16

c\ for O'. The upwelling ion densities, field-aligned bulk

; clocities, and fluxes presented below were derived using Ion data

itom the RIMS radial head.

ORIGINAL PAGE 15
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2.3. (.)t.+._t-._,am( 1"+I('(trl, l'whl_

Quasl-stattc cJcctru: licld data prcscrlted Ill lhl., report and m,ed

in deriving ton t+,ulk parameters ,.,.crc obtalncd tp, mL' thc/ axl',

dntenna Ol the !'dLl'qlla _._¢a\c ,lnd qtlasl-_,)Ll[IC CtCCII'IC ttcld in,.,tru-

taunts [Sh+/.h,u_ ur (H.. 19Xl I. lhi., tubular. 9-m lap to tq+,)

antenna i,, ,,ct'P.Hl',c to the electric ticld ct)mptnlCnl perpendicular

to the spacccratt ",pill plane, lhc ffCOllla,:2nCllC lic1d P., I'_cali\

_3. ithln 5 ill t+_+c (ll our case,, anti al_,t.Lik_ _.kllhln 12 Ic, r our

data sctl COlllLtlndd within the DE I ',pill plane. ,,t+ Iha[ the Z

component electric field ix associated x_,tlh con\cc)lxc pLlsnla

drifts which arc apprc, xn)+ia)cly u.'ithin the ,,pro plane and perpcn-

dtcular to Ihc ambient geomagnetic lield. Fills electric licld

component ts pro,.ided at a rate of 16 ,,amplcs s ; ,_,.cr a nominal

range o1115 m\ m +1o 2 V m _ Charactertsttcs or this instrument

which are pertinent to the analysis techniques empuL,,ed in this

study will be dc_,crlbed below.

3. D+,T-_ A',,M '+SIS

3. I. Dato Se/cction

The observations presented here are taken trom a subset of up-

welling ion e'.cnts identified bv M. [+ockwood throuL, h a survey

ol the RIMS data as displayed in the DE I nlicroliche twi)h format

similar to Figure 2a displaying data tot the specms H - and Hc " ) m

conjunction with his study of the occurrence of vartous types of

terrestrial ion outflows [Locke.odd el al.. 19851. Lockwood et al.

used a qualitative visual signature identification technique to

identify these upwelling ion cvcnts. The RIMS spin-rime up-

welling ion event signature has been described elsewhere (see. lor

example. Plate 3 of Lockwood et 01. 119851). Fhis signaturc ix

again illustrated tn the O - data prcsentcd in Figure 2tt. where the

count rate in the O - channel is shown plotted tn grc,,' scale versus

UT (along with certain orbital parameters) along the abscissa and

the RIMS radial head viewing dircction, with respect to the space-

craft ram direction, along the ordinate. The solid and dashcd lines

running through the spectrogram trom left to right indicate _,lc',v-

ing angles ahm__ the positive and ncgauvc geomagncttc lield

directions, rcspecnvel.v. For northern hcnnspherc passes, tons

detected while ,, lewin_ along the positive magneuc tield dircctum

are moving m the antHield direction and. therefore+ a,aav trom the

Earth. The signature ol the event ts evtdem in Figure 2. beginning

near 2320 UT and contmuing until lust past 2327 UT. The ramp-

tikc upward flux intensificatmn, followed by a sharp cutoff and

return to ram-dominated flow into the instrument at the low-

latitude edge of the event, typifies the stgnature ol these events

used by Lockwood et al. in lhmr fiche survey.

Having sur',eved the a,,aitable data obtained between October

1981 and October 1983. Luckwood et al. identified 8b upwctllng

ion events. Thc,,e events were identifiable in the fiche for periods

of nine ranging from I )o 15 rain. providing a total of nearly 450

mtn of observatum within lhc events. Of these _e, events, we have

selected 39 for inclusion in the analysis for this report. Fhis selec-

tion wax based, in part. on the reqtnremcnt that the RIMS instru-

ment be operating in a mode u, ithout aperture bias applied It) thc

instrument entrance and on the further requirement thai the meas-

ured Z component ol the electric field was deemed reliable lhc

RIMS instrument features an aperture bias capabilily, whereby a

ncgattve electrostattc potential may be applied to a grid at the

entrance aperture, in ordcr to o,,crcome the effects of a poSlll'.,e

spacecralt p(',tcntlat, allo_,'irle access o| '.+err Imp-energy urns to

the mstrument. ()t the 86 up,a,'elling ion events idcntiticd m the

I,ockwood el al study+ 20 ,.,.'ere from tunes x,.hcn RIMS ,.',as
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operatmg in the aperture bias m(_e+ and analysis ot these events

has been deferred pending the development ol routine analysis

tools for this mode. For another 8 events, either the digital RIMS

data or the attitude and orbit data were unavailable. Of the remain-

ing 58 events. 16 were rejected because the Z antenna dc electric

tietd data were deemed unreliable. Phi,, antenna has a tength ot

_+m tip to tip. as compared with the spin plane antenna which ts

200 m long. It is known to be subiect to stray tietds that tmgmate

trom differential spacecraft charging and can have large amplitude

relative to the fields of interest. This left 42 events• from which 2

were reiected due to a combination of no electric field data avail-

able and highly variable, difficult to interpret ion data and I was

reiected due to the apparent presence of a telemetry dropout dur-

ing the event. Thus. 39 of the original 86 events, or 45%• have

been processed to obtain ion bulk parameters along the spacecraft

track+ Of these. 5 have no electric field data, and values of E. = 0

have been assumed. These 39 events, consisting of a total of

nearly 200 sin of observation, constitute the data set used in the

present analysis.

3 2. L)ertvatton oJ hm Bulk Parameters

Due to the failure of the RIMS radial head RPA. ion energy

,pcctra are not available in the spin plane data• This situation has

led to the development of an alternative technique tot deriving ion

hulk parameters from the RIMS radial heat data. This geometrical

technique, developed by Chandler and Chappel1119861. provides

a measure of the field-aligned ion bulk velocity and field-aligned

ion flux of all ions of a given species which fall within the energy

passband of the magnetic mass spectrometer. Derivation of the

field-aligned bulk velocity depends upon the presumption that

there are three distinct contributors to the species bulk velocity in

the spacecraft spin plane and frame of reference tsee Figure I).

These contributors are the spacecraft-induced ram velocity IV,.),

E x B drift IVw_B) and field-aligned drift (VII) velocities. The

_pacccraft ram component is obtained from the orbit and attitude

data base. v, hile the E x B drift component is derived, using meas-

ured electric and magnetic fields, as

^ km
VE,B - cE x B _ I0-" Ezcy) ---- (I)

IBl: 181 s

_here. on the extreme right-hand side. E. is the measured Z

_:omponent of the electric field, expressed in mV m _. and B is

expressed in gauss. Here. we have used the approximation that the

magnetic field lies in the spin plane of the DE I spacecraft. As

v, as mentioned above, this approximation is always good to

t_.lthin 12 '_ for the data used in this study. Then. the total spin

plane ion species bulk velocity in the spacecraft frame of refer-

once is _isen as

_:,pm plane : ( I'rx _' UII) X + ( Vrr + VI.;_B} ;' ( 2 )

where vet is the field-aligned bulk vek+eitv we are trying to deter-

rome. _, and v++ are the X and Y components of the ion ram

\ ¢lOClt'.,. and

/,
+', _,, A A /',, /\

x = g _ = zxx z = --to,, (3)

Note that positive values of field-aligned bulk velocity correspc.nd

to upv, ard and downward drifts in the southern and northern

hemispheres, respectively. All field-aligned drifts presented in

tim, paper are upward, however, and we have ploned these as

I,o',m',e. Here. ai,_ is parallel to the DE I spin angular

momentum. The unknown parallel drift velocity is given as

ORIGINAL PP,_E ;S '11 = (I'rl'+l_'t')COtlO_)--VrJ [4'

OF POOR QUALITY

Direction of
spacecraft motion

*P----7_r,
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Fig. I. The coordinate system and geometry+ used for computing ion

+,poems upward bulk velocity from RIMS spin curves and PWI elecmc field

data is displayed in the top panel. At the bottom, a typical RIMS count rate
spin curve is shown, and the meaning ot angles identified in the sketch above

is illustrated. The magnetic pitch angle at which counts are accumulated is

displayed as the triangular wave m the bottom panel.

Thc angle a is measured as the diffcrcncc

a = +p-d:,, (5)

in spin phase angles between the location (d)t,) of the centroid of

the distribution of ion counts with spin phase and the direction

(d),) along which the positive magnetic field direction is viewed.

Spin phase angle (d)) is that measured about + z. from the space-

craft velocity vector to the RIMS radial head look direction. In

order to derive the field-aligned ion flux for a given species, the

product of the instrument count rate and calibrated instrument

sensitivity factors are cosine weighted, with respect to the spin

plane velocity vector (given in equation _2). above), and inte-

grated over spin phase angles, yielding the flux (Jr_ along the

direction of the total spin plane velocity vector. The field-aligned

flux is then obtained as the product

J, = Jr _'_• (6)
Iv.p., p.,._l

and the species particle density is estimated as

Jr J II
n _ - (7)

Iv,p,. p,+,,,,,[ v,

where i','.p,,+ ou,_i is dctermmed using cquatmn I2L having deter-
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mined vl.:,n using measured fields as m equatu)n (I I. lhe ram

c_unponents using orbit and attitude data m conlunclion with mag-

netic ticld data, and v!! usmg equation (4) as described above. Our

estimate for the spec,es particle density is actually a lower bound.

_hich disreeards the possible presence of ions at energies lower

than any positive spacecratt potential. This technique has been

appiied to data obtained m and near the 39 upwelling ion event

intervals mctuded in this study. We have used I-rain data aver-

Jgcs throuehout in analyzing the PWl electric field and the RIMS

_m data.

3 Error Analvsi._

l'he above analysis involves two potential sources of error.

First. for angles (a) near w or 0, corresponding to highly field-

aligned or anti-field-aligned flows, the analysis produces values

of vii which are unrealistically large and positive or negative,

rcspccttvely, for any nonzero difference (vo,-]vK,,et). We have

discarded results which yield a total velocity so large that the

corresponding ion kinetic energy per charge would be too large to

}_e oassed bv the magnetm mass spectrometer. The accuracy with

:,,hich _e can determine a is on the order of ---2 °. so that

ztlc anaivsis of flows which are m actuality within _2 ° of bein_

licld-aligned would be expected to produce values of Vrl whose

maemtudes are arbitrarily large. We have propagated an uncer-

tamtv (,f -'-2 ° in ot through the analysis.

Second, the accuracy with which wc know the values of the Z

component of the dc electric field is limited by the performance of

the PWI Z antenna in these low- to medium-density plasma

regimes. We have carefully examined the electric field data on a

case-by-case basis and selected only those events characterized by

spin-averaged field profiles which vary, smoothly, or with reason-

ably small amplitude, both immediately prior to and following the

upwclling event itself, as identified in the ion data. Further. we

have derived estimates of the magnitude of the uncertainty in the

',alues of E., in the manner described below, and propagated these

_iar(,ueh the analysis. In processing the electric field data. we have

l_c,.:un bv producing 4-s (spacecraft spin period = b s_ averages

, b,-._ ,1 and standard deviations (era ,) about the means of the If)

-ample s ; data. producing 15 pairs of values per minute, rhe

mean values of these two quantities represent I-rain averages of

A-, _htch we have used in the computation of ion bulk

parameters, and of era ,, which represents a spin period time scale

error estimate. Further, a I -min time scale error estimate (er_ ,j is

derived as the standard deviation of the 15 values of E:,._, about

their mean. These two error estimates, in addition If a nominal

uncerta,ntv of 4 mV m -t. have been treated as independent con-

Iributors to the uncertainty in E:, as

(8)

4. RESULTS

4 1 Results for a Single P(L_s

Figure 2 illustrates the nature of the data used in the analysis

,rod the results for a single pass on day 60 of 1982. These results

are not typical, in that this was a particularly intense event,

_bscrvcd at unusually low altitude on a day characterized by a sus-

tained high level of geomagnetic activity. The ion and electric

ticld data shown in Figure 2 are plotted against UT, with various

,pacecratt orbital parameters also indicated along the horizontal

,Ix>. Fhe interval selected shows a DE 1 pass from the northern

,?_,lar cap across the dayside auroral zone.

Figure 2a shows the RIMS radial head spin time spectrogram

for O * and has been described above in the context of data selec-

tion. The full time resolution Z component electric field data and

the processed Z component data are shown in Figure 2b and

Figure 2,:', respectively. The full time resolution electric field data

in Figure 2b show not only the steady offset induced by spacecraft

motion across the magnetic field, but also a distinct modulation

induced by nonstattonary spacecraft sheath structure. Recall that

since the electric Z antenna is aligned with the spacecraft spin

axis, spin modulation in this signal is not expected in the presence

of spacecraft sheath structure unless the structure changes with

spin phase. Note the large-amplitude, unresolved excursions in

the electric field signature near 2327 UT. The long wire elecmc

antenna on DE I shows a similar signature, which is quite

common near the UWI source region. The possible role of these

large-amplitude and highly structured electric fields in producing

the upwelling ion flows will be addressed in a future publication.

The final electric field data product, which is used in computing

the ion bulk parameters, is shown in Figure 2c. where values of

AE_: as given in equation (8) are used in determining the size of the

error bars. In these I-min averages, the conmbutton induced by

spacecraft motion has been explicitly removed, and the spin mod-

ulation removed by the averaging procedure. It is evident from a

comparison of Figures 2b and 2c that significant structure, present

in the unprocessed field data, is lost in the l-min data product.

In Figures 2d through 2f the bulk parameters _VII. dll, and n.

respectively), derived as described above, are presented for each

of the ion species H *, He ", O*. and O" ". Although the field-

aligned ion velocities and fluxes are generally upward throughout

the interval, they are most pronounced during the minute extend-

ing from 2325:30 UT to 2326:30 UT. It is at this time that the

event is said If maximize in intensity and that the spacecratt is

thought to be directly downstream of the upwelling ion flow

source, in the davside polar cleft.

4.2. T_7_ical Fh¢x, Velocity. and Density

Levels _tl Event M,_imct

The rampltke upwelting ton signatures observed as the space-

cratt passes from high latitudes through the dayside auroral zone.

followed by sharp cutoffs at the low-latitude edge, are common

features of UWI signatures. These features are interpreted tn

terms of a convective effect, whereby the source of the ion up-

welling exists in a k_alized zone near the low-latitude edge of the

event and ions are convected to higher latitudes, dispersing them

poleward of the source. From this point of view. the region where

the upward flux maximizes, near the low-latitude edge of the

event, may be considered to be most closely associated with the

source region. The ions observed in this region are characterized

by the shortest flight paths frc.m source to observer and. as we

note. arc those with the largest upward field-aligned velocities.

slower particles having been convected further polcward by the

time they reach the spacecraft altitude. We have therefore taken

the ion bulk parameters measured at this location to be indicative

c,f the intensity of a given event, with the proviso that there is a

bias toward larger field-aligned velocities.

Having selected the analyzed data for 39 events, we have iso-

lated the ion bulk parameters at the time in each event when the

maximum flux was observed. Figure 3 shows a scatter plot of the

measured maximum flux versus the inferred density tor each of

the fourspcctes: H', He *.O'.andO*" Points lying along the

two line,, running through the plot represent upward bulk

velocities ot I km s _ and 10 km s _. While the measured fluxes
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Fig. 2. RIMS ion data and PWI electric field data are displayed as functions of time for a dayside auroral zone pass on day OO of
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the top show PWI dc electric field data in almost raw and processed formats, respectively (see text), The bottom three panels display

derived ion species bulk parameters of upward velocity, upward flux. and particle density tot several ion species. Note that the O" ion

densities have been divided by IO. Various orbital parameters, as well as UT, are listed along the abscissa.

,roddensities vary. over several orders of magnitude, the upward
\clocitics tend to tie between I and IO km s _ fl)r the heavier

-pcctcs and near or above IO km s _ for the li_.hter species, Plots

of the rciative occurrence frequency of maximum density, field-

:(limned velocity, and flux observed in these events for the species

H', He. O-, and O + + are presented in Figures 4. through

a-(. respectively. In the case of the maximum flux (Figure 4c). the

flux values plotted along the abscissa have bcen mapped to a

_tmlmon altitude of IOOO kin. according to an r _ scaling law,

_h_le the densities and velocities are plotted as measured.

IIFC',,DC,..'It\C ol ,,pacccrafl altitude, l'hin in in CCQIII'aNI tO Ihc flux

'. ,dttc', pkqtcd in Figure 3, v. hich alC an lllCLlnUl'cd, il'renpct.'llSC of

ahitudc, In Fi._urc 4. tl_c .,pccic_, arc dilt'crcm_atcd b', the plotting

'.\ IllbOJ_ IIr, cd

Figure 4(; ,,t_o\\,, that the_,c c\cnt,, urc i}pically (_xygen-rich

near the source rceion wilh typical fractional and ab',olutc O

ion dct1".,ilic _, Ol ()L) and I000 ions cm _. icnpecttvcly, This

rcpr,cscnt,, .,tuv_c_,_,hat J;.itgc (_.1- ticI/_,itid'., Ior thc_,c ahitudc_,

(_-1.5-2 R_:) an compal"cd wilh polar cap licJd line', (',co. lor

cxamplc, the Iolal electron ddnsil'., rcsultn ()1 /)('l"_(ll;ll ('f (l/,

I I_JX31. or the io11 species dcnsll.,, rcsulls of 3,1 O, Chandler Cl _iI,

(()bscl",.ZlliOl}S ol p,,)JZll i(111 ottlllo\\s. ,,.ub11111ldd P,I J(_III'IHI[ ol

(;('oph'c_( .j Rc_z'.r( h. I_-}NOt Such largo L) " dcn,,ilics arc indica-

tl\C t)! incrca_,cd It)nosphcric scale hclffhI',, probabl.,, as,,oc_atcd
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_11tl htilk ionospheric heating at inuch Io_xcr altitudes. [hosed

dCllSits' rc,,UllS ;.nc conslMCnl _._,lth the nlodcI polar _._,lIId ieStlilS el

_{ hretlk am/.%'oi,_o [ 19_91. Our H " dcn,qt _, rcsuhs arc iI1 v. Mc _an-

ancc ',_lttl tht_,,c el Schunk and Soika. Ilt)_.xCXCl. v, ilh t}ptc;,I

L)h_el'\dd H " ddll_,llics (71 .- It)() I,¢)11".., Clll LIt _coccntrtc dlMancc.,

I_cl\_.ccn I 5 ,tl/d 2 R I- ,is COUlpZlrcd _tth model rc,,uhs in excess el

,c', crztl IIIounand Ions pet" cuhlc ccntmlcter (at 2500 km :allittldc I,

The upwcllmg O _ flux (Figure 4c) is also dominant over that

associaled with the other Ions. with maximum scaled flux levels

_hich typically approach I0 '_ ions cm : s -_. far in excess of

predicted polar wind O * flux levels. On the other hand. the largest

tield-ali_ned velocities are measured in the H" ions. for which the

upward bulk velocity is generally greater than I0 km s -_ near the

latitude of the source region. More m_x.test bulk velocities, of the

order of 3 km s _. are typically observed in the O" ions.

We have fl_und that the measured upward field-aligned bulk

',elocitv varies systematically with species mass per charge, with

light ions mo_,ing upward with higher velocity than the heavier

urns. l'his point is illustrated with Figure 5. where characteristic

upward bulk velocities are plotted as a tunction of species charge

per umt mass. Fhc distribution of velocities shown in Figure 5 is

dOlllinalcd b_, the H _ ions (at q/m = 11 which arc clearly moving

upward much faster than the other species, although the He" ions

arc also significantly faster than the two species 10 _ and O" "1

plotted. The trend is not as strongly supported when comparing

the O " and O" * ions either in this figure, which is derived from

the mean values of the bulk velocities observed at maximum flux,

or on a case-by-case basis, where the O" is often seen to be

moving upward with higher velocity than the O _+. We have

shown a power law fit to the data in Figure 5, which yields

.. t z I,,,
where Z is the ion charge state and (lit�rap) is the ion mass. norma-

lized to the proton mass. Processes yielding energies proportional

lit ion charge but independent of ion mass would give rise to a

,,.!uare root dependence of v!l upon (q/ml. An example of such a

?rt_cess _s acceleration tn a parallel (to B) electric field. However.

tile WZtETU and anisotroptc nature ot Ihesc upwelling plasmas,

,floue _ ith their high density, suggests that the outflow arises due

to transverse heating tn the topside of an already warm cleft lone-

10 2 ...... ,,, , , , , .... , , , , , ,.,,

IQlO.6 .,_

mE

'_10-2 10-1 10 0 101

Q lelementary charc]e_
_ amu /

FiE' 5 Mean values of ion species upward bulk velocnics are plotted

_CIMl', IilC _pecies charge per unn mass. l'he velocities pit)ned are Ihose

_[C]l',Cd Irorn measurements lakcn at the lower-latitude cd?.es el UWls.

_ hcrc the up,._,ard Ilux _sseen to maximize. The line indicates a power law lit

h', the data. wllh the fit paramelers indicated.

sphere, followed b_, upward magnetic folding of the ion dis-

tributions. The analysis of the thermal properties of these events is

beyond the scope of this report and will be reported in a luture

paper. However. _t is to be noted that upwelling ion (lows are

typically warm and anisotroptc, with temperatures (transverse to

B) of several electron volts, as reported by Moore et ai. 1198661.

Deh'ourt el ai. 119891 have modeled the ewflutlon el these ion

flows using particle rav tracing techniques m realistic gravita-

tional, electric, and magnetic fields. They have found that the up-

welling ions generally escape the Earth's immediate vicinity m

large numbers and travel in an extended plume over the polar cap

into the geomagnetic tail and plasma sheet, where the heavier

species are rather dramatically accelerated as they cross the

neutral sheet.

4.3. Bulk Parameter Correlations attd Dependence

on Location and Geomagnetic Activity

The relationship between spatial location and the occurrence of

ion upwelling has been investigated by Lockwood et al. 119851.

"[heir study showed that for DE I altitudes below 3 Re:, geocen-

tric. the probability of observing the asymmetric RIMS spin-ume

signature of an upwetling ion event peaks at near 0.7 in the

prenoon magnetic local time tMLT_ sector and at invariant lati-

tudes IlL) between 75 ° and 80 ° (see their Plate 4c). The question

arises as to whether the intensity of the upward flow shows

systematic variation with the location of the source region. In

Figure 6, we present scatter plots of the upwetling O * flux, meas-

ured during the minute of maximum intensity within the event and

normalized to a common altitude of 1000 kin, versus MLT

(Figure 6a) and IL (Figure Ob). There is substantial scatter m the

observations, with several particularly large flux values, and no

apparent systematic trend. The intensity of the outflow does not

seem to be correlated with the latitude or MLT at which the obser-

vations arc made within the source region.

There is. however, some indication chat the ioll composition

within these events varies systematically with magncuc local

time. with the fractional minor ,,peeves density mcrcasme reynard

local noon. Figure 7 provides a convemcnt summary ot the ion

composition for a number of cases in which all four mn species

,,,.ere measured simultaneously. As noted earlier, the bulk of the

ion plasma consists of O *, comprising about 91)% of the _on

density, while H- contributes _ I0%, and Hc" and O* * each

contribute _ I Ck. The upwelling O" flux typically represents a

smaller percentage (_70ck) of the total upward flux. due primari-

ly to the larger H * bulk velocitics. In Figure 7. v.,e show the frac-

tional ion composition plotted versus the magnitude IMLT- 121 to

illustrate the existence of a possible systematic relationship

between proximity to local noon and ion composition within these

events. Note that values arc plotted along the abscissa without

regard to whether data were collected in the prenoon or postnc_m

sector. The fractional composition of the minor species appears to

increase with proximity to local magnetic noon. The case Ior the

compositional dependence upon MET is stronger for O" - _linear

correlation coefficient = -0.7) than tk)r the other species. The

reason for this dependence is unclear. The O" density land

therefore total ion density) appears to decrease with proximity to

noon. although thc data are scattered (linear correlation coeffi-

cient IRIs().3). while the absolute minor species dcnslties show

no significant trend. These apparent trends in the ion composition

could be anomalous, resulting from correlations between MLT

and altitude imposed bv the I)E I orbit. Further study el this

subicct will be required.
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As shown by Lockwood etal. [19851. the invariant latitude of

the upwclling ion source region varies systematically with

_comagnettc activity, moving to lower latitudes with increasing

alues ot the 3-hour Kp index. The association of this upwelling

,ource region with the geomagnetic polar cleft and its systematic

hmtudinai variation is further illustrated in Figure 8. where the

mvariant latitude at which the maximum upwelling O * flux occurs

_s plotted versus a measure of the interplaneta_ magnetic field

_IMF) B: component. The values of B: plotted were obtained from

hourly avcrages published by the National Space Science Data

Center _NSSDC) World Data Center A lot Rockets and Satellites.

]l_cse data are a compilation based on IMP 8 and ISEE 3 observa-

turns. I-he plotted values represem wmghted land corrected for

,,tar v. ind transit time) hourly averages of B: during the hour

immediately preceding the minute in UT during which the flux

observation was obtained. For example, in the case of day 71 of

19_2 the maximum O " flux was observed at 1934 hours UT. The

value of B: associated with that event is taken as

60

where B:_=_,___¢,. was obtained from the World Data Center data

base. We have indicated a least squares linear fit to the data.

which yields a correlation coefficient of 0.72. We have also

shown (dashed lines_ the linear least squares results of Carharv

and Mene[ 1986). _l',ing the fitted locations of the poleward and

equalorward cusp boundaries, based on DMSP F-2 and F-4 low-

energy electron signatures, as functions of B. (measured by the
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IMP 8/GSFC (Goddard Space Flight Center) magnetometer). We

note here that although Carbarv attd Meng 11986] use the word

"'cusp," the study they performed applies to a broader region tin

MLT) which is more properly referred to as the "magnetospheric

cleft" [Carbary and Meng. 1986, Figure 2: Newell and Meng.

1988l. The distinction is significant because the cusp. found

within a region highly localized near noon MLT, as thought to

connect to the dayside magnetopause, while the cleft, found

within a broad region which stretches across the dayside, is

associated with the low-latitude boundary layer. Although. as in

the Carbary and Meng study, there is significant scatter in the

data. Figure 8 unambiguously locates the upwetling ion source

toulon wllhin the magnetospheric polar cleft, as identified by the

i,+_-cnergy electron signature.

Ihere does not. however, appear to exist a strong relationship

between either the occurrence probability or intensity of up-

;t.ctlin_ ion,, and the averaged value of the IMF B: during the hour

mm_edtately preceding the observation of ion upwelling in the

RIMS data. In Figure 9. we study the occurrence of values of B: as

observed, both in conjunction with an UWI observation and

regardless of UWI observation. All three panels in Figure 9

ieaturc an abscissa which is composed of B: values binned in I 3'

bills, from --6 3" to +6 % with the leftmost bin including all

observations of B: less than -6 _ and the rightmost bin those with

B: greater than or equal to +6 3'. There were a total of 70

_t_scr,/cd UWI events for which the IMF data were available dur-

ing both the present and previous hours, allowing the weighted

average described in the previous paragraph to be performed. The

;alue ptotted along the ordinate of Figure 9a represents the

percentage of those 70 events which were characterized by a

_c_ghted hourly average of B: which tell within the given bin.

The error bur is derived from the square root of the number of

samples in the bin. For example, 9- 3 of the events were asso-

ciated v, ith a value orB:of less than -6 3'. yielding 12.8 ___4.3%

,_I the 7t) samptes. In Figure 9b the occurrence of frequency of B:

,.;dues. h)r all available hourly IMF data during the same time

period as in Figure 9a Idays 36-268 of 1982). arc plotted for

ct+mpartson. The distribution in Figure 9b is peaked near B- = t)

A 10

+i° ¢_ "Jl"

h' ¢,,,i• 'n ,...,

+i+ 0
-6

"" < -6 -3 0 3 6

IMFBz
(gima'na)

Fig. 9. The occurrence, during the penc.,d between days 36 and 268 (_1
1982. of various values ol the [MF B. component is studied, both m relation-

ship with the occurrence ot UWls and independent ol such c,ccurrence, tm

The distribution o! B: values measured during the hour immediately prc,.:ed-

lng a RIMS UWI observation. Ib) The distribution ol B: lot all the avmlablc

data. without regard to RIMS observatmns. _c_ The difference 0ctv_een the

data in Figures 9a and 9b These differences should reveal any stgmficant

trend in the dependence ot the occurrence ot dayside ion upweihng upon B..

All [MF data are corrected tot solar wind transit time to the magnetopause.

and tails off quite symmetrically to either side. The large

occurrences in the extreme bins are a reflection ot the larger bin

size. Figure 9c displays the differences between the data in the

above two panels, such that the plotted values arc equal to those

plotted in Figure 9a. less those plotted in Figure 9h. If the occur-

rence of UWI events were dependent upon B:, we would expect to

see that reflected most clearly in Figure 9c If. t_r example. UWIs

were more likely to occur for negative values ot B.. ,xc wotlld

expect to see positive differences in Figure 9c tot B. < <) and neg-

ative differences tot B. > 0 No such trend is evident, and we

conclude from these data that UWI occurrence is not dependent

upon the average value of B: during the hour immediately preced-

ing event observation.

A similar statement can be made regarding the dependence of

upwelling O + intensity on the averaged B: values, as dlustrated

using the scatter plot of Figure I0. Here we have plotted the

maximum upwelling O + tlux. normalized to IO(X) km altitude.

measured during a given event versus the hourly averaged value

of B: for the hour immediately preceding event observation. The

linear correlation coefficient of -4).14 indicates no significant

dependence among the parameters plotted. These results are

somewhat surprising, in view ol recent observations of Lvck,'ood

et al. 119881 which suggest that daystde ion upwclling may be a

direct consequence of magnetic coupling at the subsolar magneto-

pause. Further study of the relationship of UWI events to

interplanetary and magnetospheric conditions will be the subieet

of a future publication.

4 4. Clfft Region Source Sttc,_th

The upward ion flux levels discussed in the previous sections

are not typtcal of the entire daysidc auroral zone. but arc

representative of the most intense portions of the upweiling fiows.
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Fig. I0. Upwelling O * flux is displayed as a scatter plot versus the

immediately preceding hourly averaged value of the IMF B: component.
corrected for solar wind transit time to the magnetopause. The flux values

plotted are the maximum values measured within the UWIs and are normal-
_;ed to a common altitude of 10 _ kin. A linear fit to the data. as well as the

rcsuhtng linear correlation coefficient, is indicated.

in the immediate vicinity of the source region. We have computed

bulk parameters from regions downstream (generally poleward) of

the source region as well. All the measured fluxes, as well as a

measure of the occurrence frequency of dayside ion upwelling.

need to be incorporated into any estimate of the total ion outflow

from this ionospheric source. The expectation value for the up-

ward particle flux at any h-,cat=on may be expressed as the product

of the upward tlux measured at that libation at the time when an

upwelling mn e',cnl i_, ob_,ervcd and Ihc probability that an up-

_elling ion cvcnt _fll be obse_ed at thai Iocat_on. _e have

binned our ion flux mea_,urements in IL and MI.T and combined

them as a product _=th simiiarl', binned values ot the occurrence

probabilities reported b.'. L_,t/_wood t't (t/. 119851. We have used 5 °

IL bins bctv,,een 5_,Y ,rod V_)_ and I-hour MLT bins from U to 24.

hours. rhc mean flux in d _r.cn bin i._ taken as

N

_," Ji.l. n
I1---

Jid - IN I I())

where Jij.,, represents the nth of a total of N flux observations

(normalized to I000 km ahitude_ in the angular bin associated

with the indices it.l). The expectation value for the flux in the bin

(i.j) is then given as

<J>_,J = (Ju) x V ,_j) ( II)

where) "ij is the occurrence probability reported bv Lockwood et

,/. 11985]. Expectauon \alucs computed in this manner arc

presented in Figure I[ for the spcctc_ H'. He". O". and O- -.

where the value oI Io_,,l'_J>ijI is plotted ifl polar grey scale

versus IL and MLT. The expectation vatucs plotted in Figure II

represent the closest estimate _,e can make at this time of the

mean upwelling source ,,trcngth for the various ion species

shown. The outflowing source region may extend poleward of the

region shown in Figure II; however, such an extension is not

identifiable within the context of the UWI signature identification

on which this work is based. As m the case of the maximum event

fluxes reported in previous seclions. 0" and H- show the most
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Fig. l I. The expectation value <J_> for the upward parallel flux is plotted for the ton speaes H -. O -. O * _ . and He * . in polar

grey scale t_)rmat versus IL and MLT. The flux in a given IL-MLT bin is derived as the product ol the average flux measured in that bin
within UWIs and the probability that an UW| will be observed within the bin.
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intenseoutflows,followedbyHe-andO"". Inallcases,the

,,duroc regkm is rather spatially structureless.

The fluxes shown in Figure II represent the ton t]ux expected

at an altitude of I(XX) kin. having been scaled from the observa-

tion altitudes according to an (r/r.) _ dependence, where r and r.

arc the geocentric radii of the observation pomt and the I(X)O km

altitude surtace, respectively. The total hemispheric particle out-

flow rate may be obtained by integrating over the distributions

,,htlwn in Figure II. To lacilitate the integratwm, the fluxes are

turther scaled to the Earth's surface, where tL and the spherical

magnetic latitude are equivalent. The total terrestrial outflow (ll

trent this davside source region, for a given ton species, is then

gl,.en as

= 2 fH<J(r'k'*)> da
I

= \_'r. ] de h <Jl(r0,k,qb)> (12)

v. hcrc wc have approximated the geomagnetic field lines as radial

and Ihe factor of 2 accounts for sc, urcc regions in each

henusphere. This integration has been numerically carried out

o',er thc distributions of fluxes shown in Figure I I. The resulting

_mtllows are listed in Table I. These numbers may underestmmte

the total c, utfiow, since significant UWl outflows may occur pole-

v.ard of regions identified as being within UWIs.

TABLE 1. The Total Rate <J,> at Which Ions Flow

out of the Dayside Cleft Region

Ion Species <J_l>. ions s

H" 5 x I[) -'_

He* 9 × 10-"

0-" _ × I0 2'

O" _ x I0 -'_

Flow,, from both hemispheres are included.

lhc ion outflow is dominated by O-. with 2 × 10:5 ions s J

cmanatm,.2 from the daystde cleft region. The H- source strength

represents _20c/c of the total outflow, while the minor species

_()- - ,nd He*) are at the several percent level or less. These

rcsutts are to be compared with those of Yatt et al. 119851 who

_,tudled major ion outflows at energies such that 10 V _< E/q <_ 17

kV. The,,' reported extensively on outflows at latitudes including

the auroral zone and polar cap. distinguishing among flow levels

on the basis of geomagnetic activity. MLT/IL regime, and solar

c_cle. Many of the results of Yau et al. 11985] are summarized in

their Table I. They found the total net auroral zone ion outflow to

lic between 2 × IO 2s and 4 × 1025 ions s * for H* and between I

• I0 -_ and 8 × 1025 for O _ . depending on geomagnetic activity

and solar cvcle. In our Table 1. we show a total UWI O* outflow

,q 2 ¢ 10 -;'_ ions s _. This is of the same order as that reported by

Yau et at. during geomagnetically quiet times. On the other hand.

our results show a total H* outflow of 5 × 102"_ ions s _. a factor

el 5 smaller than that reported by Yau et at. during geomag-

ncttcaily quict times. We believe these figures apply to ions with

energies less than or of the order of 10 eV/q. This is based on both

the published work of Moore et al. 11986b] and on other.

unpublr, hcd work. which show typical ion thermal energies

',,.ithtn these events of 5- 10 eV/q. The flux levels in the current

,tudv are representative of a wide range of geomagnetic activity.

lhc a,.atiable data do not permit breaking down the global UWI

outflow according to geomagnetic activity. It appears, especially

in the case of the O-. that the UWl source represents a substan-

tial fraction of the total global ion outflow.

5. CONCI.USIONS

With the data presented in the sections above we have reported

the bulk properties of the upwclling ion plasma in the davstdc

,.:i,_'tt rcgton. We have quantified the distribution ot ion species

density, upward bulk _,elocity. and flux within the clctt source

region. Additionallv. we have combined the bulk flow results

trom a number of these events with the occurrence probabilities

obtained by Lockwood et al. 119851 to glvc rcliable cstmlatcs of

the sourcc strength distribution as a function of MLT and IL.

Finally, we have presented a measure ot the total cleft region

_,ouree strength in terms of the number of ions per second to flow

away from the ionosphere. The following specific conclusions

may be drawn from the work presented above.

I. All observcd icm species are seen to participate in the ion

upwelling. Within a given event, the upward flux typically max-

m_izes near the low-latitude edge of the outflow. At that location.

t', pical ton species densities, upward ficld-aligncd bulk vciocltics.

and upward field-aligned fluxes (mapped to a common ah,udc ot

I000 km_ arc summarized in Table 2. The distributions about

these typical values have been presented in Figure 4.

TABLE2. T',pca onBukParaneter:,a,,MeasuredWithtn, butNearthe

Lower-Latitude Edge of Upv, elllng Ion Event,,

Species Bulk Parameter O" H- He- O- -

n. cm 61)0 50 15 7

vii. km s _ 3 16 7 4

J_l.* particles cm : s _ 6 × 1()'_ 2 _ ltY' 107 6 × IO"

*Scaled to a common altitude of I(RX) kill.

2. There is a systematic dependence c,f the upward field-

aligned ion bulk velocity upon the species charge-to-mass ratio.

,._,lth the vclocnty increasing approximately with the square root of

,/m. This dcpendencc is illustrated in Figure 5.

3. The intensity of UWls. as measured by the maximum up-

v,ard O _ flux observed within an event, does not show significant

systematic variation as a function of MLT or IL. This is indicative

of a rather uniform outflow from the dayside cleft region. This

point is illustrated in Figure 6, where scatter plots of the max-

imum normalized O* flux versus MLT and IL are presented. The

point is further illustrated, with respect to all measured flux values

fc, r the species H'. He*. O*. and O**, in Figure II. whcre

the expectation value of the normalized upward flux is shown

plotted in polar form.

4. The ion density composition of the outflow shows a weak

dependence upon MLT. however, with minor species, particular-

I,. O * *. representing a larger fractional composition near magnetic

local noon. This point is illustrated in Figure 7.

5. The stahstical association of UWls with the daystde mag-

netospherlc cleft, as identified by low-energy electron signatures

[Carbarv and Meng. 19861. is illustrated in-Figure 8. This associ-

ation points up the likelihood of a relationship between the

phenomenon of dayside ion upwelling and the solar wind-

magnetosphere inleraction.

_. There is. however, no clear-cut relationship between either

the occurrence or intensity of UWls and the immediately preced-

ing hourly averaged value of the IMF B: component. These facts

arc illustrated in Figures 9 and 10. respectively. As the simplest
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measureol thedegreeatelectromagneticcouplingbetweentht
magnelosphereandsolarwind.onemtgh!expecttofindincreased
occurrenceorintensityofUWIswtlhincreasinglyneganveB. if.

lot example. UWIs were directly associated with variable aspects

_lf the large-scale auroral convection morphology or v,'dh the

occurrence of magnetopause flux transfer events, both or whnch

depend upon B: The resutls presented here indicate thai neither is

the case.

7 Our estimate of the ion outflow rates (including bolh

hcmisphcresJ from this dayside cleft source have been prcsenled

in Fable 1. These estumates are given based on data collected

between days 36 and 137 of 1982, and almost all were from

m_rthem hemisphere passes. Thus. they are generally representa-

tnve of spring conditions during an active porlion of the solar

cycle. Visually all levels of geomagnetic activity are represented.

In the case of O + and H _. these numbers validate the cleft ion

lountain contributions used by Chappell et al. 11987] and

Delcourr et al. [1989] in demonstrating the significance of the

,mosphere as a magnetospheric plasma source.
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Statistical survey of pitch angle distributions in core (0-

50 eV) ions from Dynamics Explorer 1: Outflow in the

auroral zone, polar cap, and cusp

B. L. Giles, 1 C. R. Chappell, 2 T. E. Moore, 1 R. H. Comfort, 3 and J. H. Waite Jr. 4

Abstract. Core (0-50 eV) ion pitch angle measurements from the retarding ion mass spec-

trometer on Dynamics Explorer I are examined with respect to magnetic disturbance, invariant

latitude, magnetic local time, and altitude for ions H ÷, He*, O ÷, M/Z=2 (D* or He**), and O _.

Included are outflow events in the auroral zone, polar cap, and cusp, separated into altitude re-

gions below and above 3 Re. In addition to the customary division into beam. conic, and up-

welling distributions, the high-latitude observations fall into three categories corresponding to

ion bulk speeds that are (1) less than, (2) comparable to, or (3) faster than that of the spacecraft.

This separation, along with the altitude partition, serves to identify conditions under which iono-

spheric source ions are gravitationally bound and when they are more energetic and able to escape

to the outer magnetosphere. Features of the cleft ion fountain inferred from single event studies

are clearly identifiable in the statistical results. In addition, it is found that the dayside pre-noon

cleft is a consistent source of escape velocity low-energy ions regardless of species or activity

level and the dayside afternoon cleft, or auroral zone, becomes an additional source for increased

activity. The auroral oval as a whole appears to be a steady source of escape velocity H ÷, a

steady source of escape velocity He* ions for the dusk sector, and a source of escape velocity

heavy ions for dusk local times primarily during increased activity. The polar cap above the au-

roral zone is a consistent source of low-energy ions, although only the lighter mass particles ap-

pear to have sufficient velocity, on average, to escape to higher altitudes. The observations sup-

port two concepts for outflow: ( I ) The cleft ion fountain consists of ionospheric plasma of 1-20

eV energy streaming upward into the magnetosphere where high-latitude convection electric

fields cause poleward dispersion. (2) The auroral ion fountain involves field-aligned beams

which flow out along auroral latitude field lines; and, in addition, for late afternoon local times,

they experience additional acceleration such that the ion energy distribution tends to exceed the

detection range of the instrument (>50-60 eV).

1. Introduction

At polar latitudes, because the Earth's dipole field is nearly

_crtical. charged particles in the ionosphere created by pho-

to)ionization or particle impact ionization are relatively free to

move upward along the magnetic field lines and populate

higher-altitude regions of the magnetosphere. Since the dis-

covery of energetic O _' ions by Shelley et al. [1972], ion com-

position measurements have revealed that a significant

amount of plasma in the Earth's magnetosphere is of iono-

spheric origin [e.g., Chappell et al., 1987; Moore et al.,

1989; Moore, I991]. The importance of this terrestrial source

is confirmed by the presence of energized ionospheric ions

throughout the magnetosphere, such as the ring current and
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plasma sheet [Johnson et al., 1977: Geiss et aL, 1978:

Lennartsson et al., 1979; Balsiger et aL. 1980: Lundm et al.;

1980, Peterson et aL, 1981; Sharp et al.. 1982; Eastman et

al., 1984; Lennartsson and Shelley, 19861. the magnetopause

and magnetosheath region [Peterson et aL, 1982; Hultqvist,

1983], the magnetotail lobes [Sharp et al., 1981], and the

plasma mantle and magnetotail boundary layer [Frank et al.,

1977; Hardy et al., 1977: Lundin et al., 1982a, b; Candidi et

al., 1982]. In addition, it has been shown that a significant

portion of these ionospheric-source ions have energies below

I keV [Yau et aL, 19_4; Giles et al., 1988; Delcourt et al.,

1988]. These lower-energy particles are very sensitive to

small fluctuations in local magnetic and electric fields. They

interact with charge carriers for magnetospheric and iono-

spheric currents and operate as a permeating medium in which

plasma waves are generated and propagated to other parts of

the magnetosphere thereby influencing larger-scale interac-

tions. Thus information about the dynamics of this plasma

component is an effective tracer for broader scale magneto-

spheric processes.

In understanding the transport and dynamics of charged par-

ticles, information about the particle pitch angle distribution

(PAD), the arrangement of directional flux with respect the lo-

cal magnetic field direction, is an invaluable aid. For exam-

ple, case studies by Sharp et al. [1977, 1979] exploited field-

aligned pitch angle distributions to infer the presence, and

17,483 P_ECEDING PAGE BLANK NOT FILME_
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vertical extent of, parallel potential drops within an auroral

acceleration region. Also, occurrence statistics of distinct

PAD classifications have been used to examine possible

plasma source locations, acceleration regions, and the subse-

quent evolution of plasma distributions during transport [e.g.,

Nagai et al., 1983; Yau et al.. 1984]. The lowest-energy ions,

in particular, have been shown to exhibit complex pitch angle

characteristics such as field-aligned beams, conics, and

trapped (pancake) distributions [Chappell, 1982; Chappell et

al., 1982a].

The retarding ion mass spectrometer (RIMS) experiment on

Dynamics Explorer 1 (DE I) represents a major effort to thor-

oughly characterize the lowest-energy plasma component by

measuring ions ranging from 0 eV (or spacecraft potential) up

to 50 eV throughout almost the entire volume of the inner

magnetosphere, from the topside ionosphere out to 4.67 R E.

The RIMS effort has, in its lifetime, revealed previously unob-

served ionospheric plasma sources to the magnetosphere and

called into question accepted theories concerning the relative

contributions of the internal and external sources to magneto-

spheric plasma content. Specific to the RIMS instrument are

_)bservations of the supersonic polar wind [Nagai et al.,

1984], a source of low-energy heavy ions from the polar cap

and the cleft region [Waite et ate, 1985; Lockwood et at.,

1985a, b], upward fluxes of N ÷, N *_"[Chappell et al., 1982b]

and of molecular ions N2 ÷, NO+, and 02" [Craven et al., 1985].

It is this data set that will be used to obtain pitch angle distri-

butions of the individual charged particle species.

One of the most intriguing topics in magnetospheric

physics research that will be addressed is the question

regarding the source of particles populating the inner magne-

tosphere. Concentrations and relative dynamic behaviors of

H ÷, He"*, and O ÷ are commonly used as indicators of a solar

wind or ionospheric source. The RIMS mass spectrometer is

capable of resolving several mass peaks, including H ÷. He*,

O". O +÷, and one at a charge-to-mass ratio of 2. Because RIMS

provides no direct information on charge state, these latter

measurements could conceivably be H2 ÷. He"*. or D*. Breig et

_l. {1987] and Breig and Hanson 11991] have reported on deu-

terium ion llows in the thermosphere. In this case the instru-

ment is a predecessor of RIMS which again, yields the M/Z=2

mass peak with no charge information, but additional correla-

tive evidence with H ÷ determines these samples to be D ÷.

Young et al. [1977, 1982] and Comfort et al. [19881 report

observations in the relatively cold outer plasmasphere that are

most likely terrestrial source He "÷. In the present work, be-

cause the DE I orbit samples low altitudes where D ÷ measure-

ments are likely and samples higher altitudes where low-

energy He ÷* measurements are possible, the RIMS

measurements will be referred to as being of the M/'-Z=2 ion. It

is thought, because of the RIMS energy range, that any He ÷``

measurements would represent doubly-ionized helium produced

in the ionosphere or plasmasphere, not cooled solar wind

He *÷. Regardless though, of whether the M,/'Z=2 measurements

are representative of He ÷.' or D ÷. the key issue is whether

evidence exists for these ions, and of H ÷, He*, O ÷. and O ÷÷, to

have an ionospheric source and then flow outward, such that

they populate both inner and outer portions of the

magnetosphere.

In section 2 we describe the RIMS instrument and the DE

_rbit. and outline the pattern recognition technique used.

Section 3 describes the classification of the data in terms of

pitch angle distributions and details the consequences of ob-

serving low-energy particles with a moving spacecraft.

Section 4 contains occurrence probability data with respect to

magnetic disturbance, invariant latitude, magnetic local time

(MLT), and geocentric altitude for invariant latitudes above

60 °. Section 5 discusses these data in relation to the transport

and dynamics of plasma in the Earth's inner magnetosphere.

Section 6 is a summary. A paper (Giles et al., Statistical sur-

vey of pitch angle distributions in core 10-50 eV) ions from

Dynamics Explorer 1: Map of the magnetosphere's low-

energy ion component, unpublished manuscript, 1994)

presents statistics for invariant latitudes below 60".

examining trends with disturbance, magnetic latitude. MLT

and L shell.

2. Instrumentation and Data Analysis
Considerations

The survey covers the ions routinely measured by the DE

I/RIMS instrument (H ÷, He*, O ÷, M/'-Z=2, and O *÷) in the energy

range 0-50 eV. The observed count rates for each ion were

classified according to their pitch angle distribution as deter-

mined from the radial sensor head of the instrument as it ro-

tated through a full range of pitch angles in each 6-s satellite

spin period. As the spacecraft spins, the radial head Imounted

perpendicular to the spin axis) responds to ion fluxes for

nearly the full range of angles (-180" to +180 ° ) with respect to

the spacecraft ram direction. With knowledge of the Earth's

magnetic field in relation to spacecraft ram. the RIMS spin

angle" response corresponds closely to a pitch angle distribu-

tion (detailed in section 3). The instrument and its operational

characteristics are described by Chappell et al. [1981 ], Fields

et al. [1982], and Olsen et al. [1985].

The elliptical polar orbit has perigee of 675-km altitude and

apogee of 24,875-km altitude. The motion of the Earth around

the Sun causes the orbit plane to drift westward at a rate of I

hour MLT every 15.4 days (covering 24 hours in 12 months);

the orbit line of apsides drifts 0.328 ° geographic latitude each

day (moving from one pole to the other in 18 months). All

available data, from October 19. 1981, to December 31. 1984

_a full precession/rotation cycle), are used to provide nearly

complete local time and latitudinal coverage out to 4.67 R E .

However, the 3 to I ratio between the drift of the line of ap-

sides and the westward drift of the orbit plane does result in

specific areas of poor sampling in local time for a given alti-

tude. For example, in the 0 to 6 MLT sector, midaltitudes in

the auroral latitude regions are not well sampled. In addition

to regions not reached by the orbit, the instrument is not al-

ways operated down to the DE I perigee of 675 kin. At low al-

titudes the plasma density can be quite high and the instrument

often enters a shutoff mode to protect the particle-detecting
channeltrons from excessive count rates.

The instrument operational modes allowed programmed

sampling of the mass range such that the major masses were

sampled more frequently and constitute a larger portion of the

database. Table 1 lists the number of l-min spin angle distri-

bution samples for each species above 60 ° invariant latitude

(ILAT) in four MLT quadrants and two geocentric distance lev-

els. Over 500,000 samples were obtained for the H ÷, He*, and

O" ions and over 400,000 samples for the M,"Z=2 and O *÷ ions.

Because of the varying sample rate. the statistical calculations

are carried out for each ion species separately; the probabili-

ties presented are characteristic of the population of individual

ion species, not of the ion population as a whole. Fifty-eight

percent of the data were obtained during periods of relatively

low activity (Kp < 3) and 42% during high activity fKp > 3).
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Table1. Numbersof I-rain Pitch Angle Distribution Samples for H ÷. He +, O ÷, M/"Z=2. and O ÷÷

17,485

H + He + O + MfZ=2 O _

Local Time I<RE<3 3<RE <5 I<RE<3 3<RE<5 I<RE<3 3<RE<5 I<RE<3 3<RE <5 I<RE<3 3<RE<5

0to6 8,387 122.203 8.533 123,370 7.495 112.735 5.596 74.726 5.591 74.729
6to 12 10,167 148,543 ]0,328 150.109 9,433 139.414 6,804 104,465 6,801 104,464

12 to 18 28,230 116.300 28.684 118.276 25.704 108.569 20,222 84,867 20,219 84,870

18 to 24 31,234 120.432 31,671 122.108 29,793 119,895 22.352 88,057 22,351 88,061

Total samples 585.496 593,079 553.038 407.089 407,086

It should be noted that, for the 0 to 50 eV energy range.

floating spacecraft potentials can prevent the detection of the

lowest-energy ions. The RIMS team dealt with this spacecraft

charging by the addition of a biasable voltage plate at the en-

trance aperture programmable to 0, -2 -4. or -8 V relative to

the spacecraft potential. The present data set includes all

available data. regardless of aperture bias setting. It is possi-

ble that the data set does not include particles with ram energy-

per-charge less than the potential of the spacecraft.

For each ion the raw RIMS data are read and the counts-per-

accumulation period (12 ms) are averaged over the time resolu-

tion period for each spin angle bin. For this study, I-rain time

averages with 5<>spin angle bins were chosen. This 5 ° spin

angle bin refers to the center of the view cone and does not

imply 5<' resolution in the measurements. A subroutine scans

the counts-versus-spin-phase-angle array to identify and char-

acterize, in terms of centroids, widths, and skews, local max-

ima in the distribution with respect to the magnetic field direc-

tion. Next. a filtering pattern recognition routine produces

the spin angle distribution description for each minute of

RIMS data. When combined with orbit parameters and mag-

netic activity indices, this is the source for statistical analy-

sis. Further description of the data analysis may be found in

the work by Giles [1993].

The relations used to calculate the centroid and coefficient

c)f skewness, taken from Bever [19841, apply to discrete data

grouped into a distribution having spin angle bin classifica-

tions Oi, i = 1, 2 ..... k. and corresponding measurement val-

ues (in this case, instrument count rate per spin angle bin).

jt Oi), i '-- 1, 2..... k. The centroid is an arithmetic mean given

by

k

f(0")0"60

C = i=! (1)
m ' ,(¢),o2

i=1

where

I
0"

= _(Oi + oi+_) (2)

s(o'):½(i(o,)+s(o,+,))

,_o = (oi+_- oi) (4)

The coefficient of skewness is given by

M_
_x_ = _ (5)

where M 2 and M 3 are the second and third moments about the

mean of the sample. The rth moment about the mean, Mr, is

given by

Mr:±Y:(o')(O'--C. <6)
rl. i=1

3. Classification of Spin Angle Data in Terms of

Pitch Angle Distributions

3.1. Relationship to Pitch Angle Distributions

Strictly speaking, spacecraft spin angle distributions ob-

served in situ are not true pitch angle distributions as custom-

arily defined. The measured spin angle is defined in the refer-

ence frame of the spacecraft, which is different from the

plasma rest frame due to spacecraft motion (2 to 8 km sl. de-

pending on spacecraft altitude). This difference in reference

frame is of little consequence provided the thermal speed,

(2 kT/M) '/2, of the plasma is large compared to the spacecraft

"ram" speed. For an average spacecraft speed of 5 km s" a fac-

tor-of-5 ratio of thermal speed to spacecraft speed requires 35

eV for H÷, 13 eV for He*, and 52 eV for O +.

Because RIMS responds to ions with energies considerably

below this threshold, the RIMS spin angle data contain infor-

mation about both the angular distribution of the plasma in its

own frame of reference (the conventional pitch angle distribu-

tion) and the drift motion of the plasma relative to the space-

craft. These two aspects of instrument response tend to domi-

nate independently - one at times obscuring the other - de-

pending on the plasma's thermal speed and its relation to the

spacecraft and plasma drift speed. Figure I illustrates the ex-

tremes of this motional influence.

Figure I shows simulated RIMS spin angle responses to a

bi-Maxwellian plasma distribution (T±/T u = 5) for four combi-

nations of plasma thermal and drift speeds. The simulation

adopts a numerical quadrature approach to the solution of the

response integral, using a sum over aperture area. solid angle,

and energy and weighted with the appropriate instrument re-

sponse factor to obtain the correct energy-angle dependent re-

lationship between detector count rate and directional flux.

The parameters illustrating the limits of response were chosen

for ease of understanding but without strict adherence to phys-

ical likehood in any given region of the polar ionosphere. In

each case the spacecraft speed is set at 5 km s"l perpendicular

to B. Shown beside each spin angle plot are two phase-space

schematic diagrams to clarify the orientation of the various

spacecraft and plasma components. Both display velocity

space, one in the spacecraft reference frame, the other in the

frame of reference of the plasma.

In Figure la the H ÷ ions have the perpendicular thermal
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Figure 1. Simulated retarding ion mass spectrometer (RIMS) spin angle responses to bi-Maxwellian

plasma distributions (Tj./Tll= 5). Also shown are phase space diagrams, drawn schematically, locating the

various spacecraft and plasma components. Note that instrument response is to ions with velocities anti-

parallel to the detector look direction. (a) H+ ions with perpendicular thermal speed component greater than

spacecraft speed by a factor of 5. The top panel assumes a stationary plasma and the bottom panel assumes

Vo = 25 km s -_, parallel to B. (b) O ÷ ions with perpendicular thermal speed a factor of 5 below the spacecraft

speed and with same drift speed assumptions as Figure la. For plasmas with thermal speeds smaller than the

spacecraft and drift speeds, relative drift motion dominates the response. For plasmas with thermal speeds

larger than the spacecraft and drift speeds, the true plasma frame distribution function emerges.

speed component greater than the spacecraft speed by a factor

of5(Vth- 25kms "t and Vsc=5 kms=). In the top panel the

RIMS response is to a stationary plasma (drift speed VD = 0);

the angular characteristics of the distribution are clearly visi-

ble as peaks in the spin angle directions perpendicular to the

magnetic field (0" and 180°). The relative motion of the

spacecraft (5 km s _ with respect to the stationary plasma) ap-

pears as an elevation in count rate in the direction of space-

craft motion (0°). The bottom panel assumes Vc = 25 km st,

parallel to B. In this case, bulk drift speed comparable to

thermal speed, the angular characteristics of the distribution

have become nearly unresolvable although the additional drift

speed of the distribution may be identified by the shift from

ram in the direction corresponding to an addition of the space-

craft and drift velocity vectors. (Without regard to the rela-

tionship of V#, to V,,., simulation of the instrument response

shows that angular features are resolvable for T.L/Tll ratios

greater than -1.5).

In Figure lb the response is for a bi-Maxwellian distribu-

tion of O* ions with perpendicular thermal speed a factor of 5

below the spacecraft speed (Vth-I km s j and V,_= 5 km st).

In the upper panel, even though VD = 0, the angular character-

istics of the bi-Maxwellian are not resolvable within the de-

tection thresholds of the instrument and the distribution ap-

pears as a single peak at the spacecraft ram direction. The bot-

tom panel assumes VD= 5 km s = parallel to B, the additional
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Figure 2. Parametric illustration of ion Mach number for drift and thermal components relevant to RIMS.

[t is for subsonic (thermal speed greater than drift speed) ion Mach numbers that the angular characteristics

of the distribution will be resolvable. The shaded region delineates the range of spacecraft velocity with al-

titude (-7.6 km s _ at 1.5 R E geocentric, -4.2 km s "=at 3 R E, and -2.3 km sa at 4.5 R E) and therefore the ion

Mach range for a discernible relative drift motion effect to the spin angle measurements (i.e., not dominated

by the angular response). For light ions with thermal energies below -0.4 eV the data will be dominated by

the relative drift motion, a range for which detection is difficult due to positive spacecraft, potentials. For

heavy ions (O") the drift motion is important for thermal energies up to 5 eV and so will be a frequent spin

angle feature in the heavy ion outflow samples.

drift speed of the distribution again apparent as a shift from

ram.

In summary then, for plasma with thermal speeds much

smaller than those of the spacecraft and drift speeds, the rela-

tive drift motion dominates the response, leading to a

"rammed" flux peak in the direction of relative wind as seen in

the spacecraft frame. In this case the angular information is

given by subtle features of the detailed shape of the rammed

peak but is often indeterminate. For plasma with thermal

speeds much larger than those of the spacecraft and drift

,pceds. the true plasma frame distribution function emerges

clearly, although the relative drift motion, appearing as small

aswnmctnes in the angular information, may be difficult to re-

solve. The RIMS data included in this survey span this entire

range of extremes, although the specific set of plasma parame-

ters contributing is mass dependent.

Figure 2 illustrates this for H* and O ÷ by plotting plasma pa-

rameters covered by the data set as a function of ion Mach

number, tlere ion Mach number is defined as the ratio of the

distribution drift velocity (in the Earth frame) to the ion ther-

mal speed (2 kT/M) in. Roughly speaking then, it is for sub-

sonic (thermal speed greater than drift speed) ion Mach num-

bers that the angular characteristics of the distribution will be

resolvable. Figure 2 shows that for drift velocities less than

15 km s _ H*, outflows are subsonic for thermal components as

k_w as l.O eV. Hence the angular characteristics of the H ÷

samptcs in the data set should be easily resolvable except for

the coldest plasma with strong (V D > 15 km s 4) drift veloci-

ties. O* outflows are subsonic at 15 km s _ for thermal compo-

nents above 10 eV and at 8 km s t for thermal components

above 5 eV. Therefore, for heavy ion outflows with tempera-

tures below 5-10 eV, the angular information will frequently

bc indeterminate.

Similarly, the drift motion effect is resolvable in the super-

some Math number range. Because for small thermal compo-

nents it is the relative difference between drift and spacecraft

velocity that is important, Figure 2 can be reinterpreted in

terms of a zero ion drift velocity. The shaded region then

serves to delineate the range of spacecraft velocities with alti-

tude (~7.6 km s _ at 1.5 R E geocentric, -4.2 km s _ at 3 R E, and

-2.3 km s _ at 4.5 R E) and therefore the ion Mach range for a

discernible relative drift motion effect to the spin angle mea-

surements (i.e., not dominated by the angular response). In

the shaded region the relative difference between drift and

spacecraft velocity is small, so that light ion IH') outflow

measurements with thermal energies below -0.4 eV will be

dominated by the relative drift motion - a range for which de-

tection is difficult due to positive spacecraft potentials. For

heavy ions (O <') the drift motion effect is significant /or ther-

mal energies up to 5 eV. and so will be a frequent spin angle

feature in the heavy ion outflow samples.

3.2. The Classification Scheme

Our approach is to separate the spin angle data into cate-

gories representing distinct physical behaviors, both for an-

gular characteristics Ithe conventional pitch angle distribu-

tion) and on the basis of apparent drift speed relative to the

spacecraft. As a consequence to this, since the local ion es-

cape speed is near to that of the spacecraft, the apparent drift

speed allows us to categorize plasma behaviors loosely in re-

lation to the local escape speed.

Figure 3 shows data measured by RIMS, and they are given

as examples of the distribution types featured in this paper.

The data are plotted as accumulated counts per sample versus

spin phase angle. In addition, the detector pitch angle is plot-

ted as a function ol spin angle. The counts per sample is pro-

portional to the integral ion flux for the energy range 0 to 50

cV with approximate conversion ratios of counts to integral
flux ot 3.1xlO _ counts cm: s _ ster J for H÷, 1.9x10 "_counts
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Figure 3. Examples of DE 1 RIMS spin angle distributions typical of high-latitude outflow. Approximate

conversion factors from count rate to integral ion flux are given in the text. Illustrated are: (a) unidirectional

field-aligned beams, (b) uni-directional field-aligned conics, (c) asymmetric distributions characteristic of

the upwelling ion signature, and (d) rammed distributions, which illustrate the effect of comparable space-

craft and plasma outflow velocities as discussed in section 3.
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cm 2 s _ ster t for He*, and 4.4xl04 counts cm -2 s l ster "_ for O +.

These factors, which reflect the mass-dependent angular re-

sponse, are based on preflight and in-flight calibration proce-

dures; the ratios are time-dependent and are offered here only as

a general approximation.

The unidirectional field-aligned beam distributions (Figure

3a) are characterized by a single flux peak certered at the field

direction (here near 180 ° pitch angle). These distributions

may be shifted from the field direction due to a combination of

convection, drift, and spacecraft velocity effects. The impor-

tant distinction is that these distributions are ordered by pitch

angle (magnetic field direction) instead of by spin angle (the

velocity vector of the spacecraft) and therefore correspond to

field-aligned flows with velocity greater than that of the

spacecraft. The rammed distribution (Figure 3d) is most com-

monly identified in the data by a dome-shaped symmetric peak

centered at or near the satellite ram direction. From the argu-

ments above, the rammed distributions correspond to plasma

flows that are slower than the spacecraft. The unidirectional

field-aligned conic (Figure 3b) are those having flux peaks be-

tween the directions perpendicular and parallel to the magnetic

field direction. In this example, the spin angle distribution

appears as a large single peak but with a distinct drop in count

rate at the field direction (180" pitch angle). In other exam-

ples, the conic can appear as two separate peaks. The asym-

metric distributions (Figure 3c) appear as a single peak in

count rate near the spacecraft ram direction but with a notable

asymmetry toward the upward magnetic field direction. RIMS

_amples that have a skew coefficient (equation (5)) exceeding

().75 toward the upward magnetic field direction will be catego-

rized asymmetric. In the example shown the coefficient of

skew is 0.798 defined about the centroid position (14.6 ° in

this example) for the portion of the distribution (61.7" in spin

angle width) above the count level equal to lie 2 times the max-

imum. It is this data signature that is associated with the up-

welling ion events first identified by Lockwood et aL [1985ai.

Distributions fall into the intermediate category when a single

peak in the count rate falls between the field and ram direc-

tions. For this reason, they cannot be readily assigned to ei-

ther category and tend to be the samples in which the plasma

and spacecraft velocities are more nearly equal. Within the

RIMS data set, downflowing field-aligned beam distributions

primarily consist of ions falling under the influence of grav-

ity, the velocity of which is expected to be only a few kilome-

ters per second. The unidirectional field-aligned downflows

category is a subset of the rammed and intermediate categories

and contains the ion downflows for which a clear downward

drift velocity is resolvable.

The remaining distribution classifications covered in this

paper, nothing observed and low counts, are to classify data

signatures that do not fall into one of the categories defined
above. The data intervals that have counts below the 2 counts-

per-sample noise level are assigned to the "nothing observed"

category. The data intervals that have counts above the noise

level, but without identifiable maxima are assigned to the

"low-count" category. A later paper will examine distribution

types primarily identified with midlatitudes (i.e.. counter-

streaming and trapped): all distribution types are included in

the counting statistics so that the porportions reported are

representative of the full population.
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Figure 4. Estimated bulk drift velocities for samples in the rammed, intermediate, and beam PAD cate-

gories as a function of spacecraft velocity (and consequently, as a function of altitude which is noted at the

top of the plots). The heavy black line marks the ion drift velocity necessary to escape Earth's gravitational

potential. The field-aligned outflows correspond to ion drift speeds that are (1) less than, (2) comparable to,

or (3) much faster than that of the spacecraft. This separation by observed spin angle distribution serves to

identify which PAD categories contain gravitationally bound ions and which contain ions that are more en-

ergetic and thus able to escape to outer magnetospheric regions.

12

Figure 4 quantifies the inferred outflow drift velocities asso-

ciated with three of the above categories by providing a rough

estimate of the bulk drift velocity for each sample as a func-

tion of spacecraft velocity (and consequently, as a function of

altitude). The heavy black line marks the ion drift velocity

necessary to escape Earth's gravitational potential. The inten-

tion is to bracket the range of plasma drift speed that result in

a given sample being assigned to one category or another.

Other studies by DE investigators {Chandler et aL, 1991;

/h)llock etal.. 1990] report detailed velocity statistics for po-
lar wind and cleft ion fountain outflows.

The calculation assumes the plasma drift velocity to be

aligned with the magnetic f_eld (i.e., no convection) and that

only the spacecraft velocity component transverse to the field

may bias the observed distribution toward the direction of

spacecraft motion. We use the approximation that the mag-

netic field lies in the spacecraft spin plane. This is generally

valid within 12 ° for the present data set (and within 5* for 91%

of the samples). Provided the spin angle corresponding to the

ccntroid of the observed plasma distribution (_) and the spin

angle corresponding to the magnetic field direction (fl) do not

coincide, the plasma drift velocity may be calculated from

_ Vspacecraft sin(a)

VP lasma - sin(J3 - a) (7)

Figure 5 is a sketch of the vector measurements and angles

relating to this calculation. For the rammed category all out-

flow velocities, with few exceptions (all H+), fall below the re-

quired plasma escape velocity across the entire altitude range;

consequently, the samples represented by this category, with.

out additional energization, must either reenter the ionosphere

or he trapped by magnetic mirror effects. The intermediate

c_tegory is a mixture of escaping and nonescaping H ÷ sam-

pies, and contains mainly nonescaping 0% The beam cate-

gory contains the majority of escape velocity samples for

both ion species, although there is a significant portion of

relatively "fast." but nevertheless nonescaping, O ÷ at the

highest altitude (lowest spacecraft velocity) bins.

At high latitudes, then, the field-aligned outflows fall into

three categories (rammed. intermediate, and field-aligned

beams), which, for the energy range detectable by RIMS, cor-

respond to ion flow speeds that are (I) less than. (2) compara-

ble to, or (3) much faster than that of the spacecraft. This sep-

aration by observed spin angle distribution serves to identify

Figure 5. Sketch of the vector measurements and angles for

the bulk drift velocity calculation shown in Figure 4. The

value cx is the centroid of the observed plasma distribution,

and _ is the spin angle corresponding to the magnetic field di-

rection. The calculation assumes the plasma drift velocity to

be aligned with the magnetic field (i.e., no convection) and

that only the spacecraft velocity component transverse to the

field may bias the observed distribution toward the direction of

spacecraft motion.
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Figure 6. (a) The percentage of samples, during which RIMS was programmed to accept a given ion, the

instrument was able to detect that ion. Shown are seven Kp bins for H ÷, He +, O +, M/Z=2, and O +÷. The occur-

rences are calculated for invariant latitudes above 60 ° without regard to PAD category, altitude, or local time.

(b) In six panels, occurrence with altitude for asymmetric, unidirectional field-aligned conics, unidirectional

field-aligned beams, rammed, intermediate, and nothing observed; the calculations include only data above

60 ° ILAT. The prominent feature to note is the separation of the various distribution types into distinct alti-

tude ranges.

which ions will be gravitationally bound and which are more

energetic and thus able to escape to outer magnetospheric re-

gions.

4. Statistical Results

4.1. Occurrences With Kp and Altitude

The RIMS instrument, when programmed to detect a selected

mass species, may or may not detect appreciable ion counts

abo've the noise threshold within the 0-50 eV energy range.

Figure 6a summarizes, as a percentage of the total number of

samples, when RIMS measured ion counts above a 2 counts-

per-sample threshold. Data are shown for seven magnetic ac-

tivity level (Kp) bins for the ions, H+, He +, O ÷, M/Z=2, and

O "+. The occurrences are calculated for invariant latitudes

above 60 °, without regard to altitude, local time, or the cate-

gories of pitch angle distributions defined above. The figure

szmply indicates in what percentage of samples, during which

the instrument was programmed to accept a given ion, the in-
strument was able to detect that ion.

Counts of 0-50 eV H ÷ are measured above the detection

threshold in 75-78% of the samples, with no significant varia-

tion with magnetic activity• In contrast, occurrences of the O*

ions are strongly dependent on the activity level. At the low-

est Kp bin, O ÷ ions are measured in 33% of the samples; this

percentage rises steadily with activity, exceeding the occur-

rences of H ÷ for the highest Kp bin. The He + ion occurrence

probabilities lie between those of H ÷ and O" and point to a

weak dependence on activity• Displaying a pattern similar to

that of O ÷, O +÷ appears in about 19% of the samples for low Kp

levels and increases to 41% during times of high Kp. M/Z=2

ions are seen in 20-29% of the samples, with no clear trend

with activity•

Figure 6b has six panels showing the percentage of occur-

rences as a function of altitude for: (1) asymmetric distribu-

tions, (2) unidirectional field-aligned conics. (3) unidirec-

tional field-aligned beams, (4) rammed, (5) intermediate, and
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(6)nothingobserved:thecalculationsincludeonlydataabove
60° ILATandaresortedwithoutregardtolocaltime.The
probabilitycalculationsarecarriedoutforeachionspecies
separately.The prominent teature to note in the altitude pro-

files is the separation of distribution types into distinct alti-

tude ranges. The asymmetric, intermediate, and rammed distri-

butions appear with greatest frequency at altitudes below 2.25

R E for all ions. Unidirectional conics, most clearly identified

in the H ÷ samples, peak in probability at midaltitudes between

1.75 and 3 R E . Unidirectional beams tend to populate the

higher end of the altitude range; they reach maximum fre-

quency above 2.5 R E for H + and He + and 3.5 R E for O +. The

nothing observed category, samples with counts below the

noise level, also peaks in probability at higher altitudes for

He*, O% and O "_'. Statistics for the M/Z=2 PAD types, not eas-

ily viewed in this format, display relatively higher frequencies

at the lowest altitudes with the exception of intermediate

distributions which occur with uniform frequency across the

entire altitude range, it should be noted that in this format.

distributions occurring in relatively small areas of local time

t)r latitude will be averaged out in the sort over all local times

and latitudes above 60:; this is especially true for the M/Z=2

icm in which the overwhelming number of nothing observed

samples masks the contribution of auroral zone outflows.

4.2. Low-Altitude (R E <3.0) Observations

Plate I shows low-altitude (RE < 3.0) |LAT versus MLT oc-

currence probabilities (2.5 ° by 1-hour bins) for rammed (Plate

l a), field-aligned beams (Plate l b), asymmetric (Plate Ic). and
intermediate distributions (Plate ld). Results are shown for

H ÷, He", and O÷ and divided into Kp < 3 and Kp > 3. The linear

scale at the top of these plots and the ones that follow repre-

sent the occurrence probability as a percentage, the number of

samples fitting the distribution criteria divided by the total

number of samples for that ion. The color re_l represents all

probabilities greater than the number no:ed to the right; simi-

larly, thc color blue represents all probabilities lower than the

number noted to the left. Corresponding statistics for M/Z=2

and O", without Kp division, are shown in Plate 2. Fewer

M/'Z=2 and O "÷ samples at low altitudes preclude statistical cal-

culations by activity level. Note that, for this altitude range,

the predawn local time quadrant between 60: and 75 ° ILAT is

not well sampled ("white" indicates less than 15 samples were

obtained in a given bin). Although the discussion applies

only to the variability of distributions occurring above 60:

ILAT. we chose 50' ILAT for the minimum value in these spec-

trograms to provide overlap and ease of comparison with mid-

latitude statistics reported elsewhere.

For R E < 3.0 there are relatively few occurrences of H _"

rammed IPlate la) at polar cap or auroral zone latitudes except

for a small increase (<20%) in occurrences between 70:'-80 °

and 6-12 MLT. All ion species display high occurrences for

the rammed category below 60 ° to 65: ILAT. These are plas-

masphere isotropic distributions and characteristically tend

toward lower invariant latitudes with increased activity. He"

rammed PADs occur at greater than 50% probability from mid-

night to dawn between 60 ° and 80: ILAT. The O ÷ rammed oc-

curs at >50% probability covering ILAT > 70" from pre-

midnight to about 9 MLT. In addition, the O ÷ rammed occurs at

>25% probability between 60: and 70 ° ILAT across the day-

_ide. Fur all ions there is an absence ot occurrences at auroral
zone latitudes for afternoon local times; occurrences also de-

crease with increasing magnetic activity. Statistics for

rammed O +÷ follow the O ÷ pattern with the level of occurrence

probability being similar. M/Z=2 follows the He" pattern,

with probabilities lower by -50%. In the case of M/Z=2 and

O ÷÷, and to an extent O ÷, lower probability at plasmasphere

latitudes as compared to the H ÷ and He* statistics will be re-

flected as high probability for the same latitudes in the low

counts category. This is a consequence of both the lower rela-

tive concentration of these ions within the plasma and instru-

ment operational characteristics (less frequent sampling re-

sulting in erratic low-count distributions).

H ÷ low-altitude field-aligned beams (Plate Ib) occur with

greater than 30% probability in an oval pattern that covers

nearly all local times and appears to be roughly coincident

with the auroral oval, There is an expansion of this oval to

lower latitudes /or high Kp level and evidence of an increase in

probability. The He" and O ÷ probabilities also follow the au-

roral oval pattern except for an absence of beams in the morn-

ing sector - the area populated by rammed distributions.

Again, there is an expansion to lower latitudes for higher Kp

and increased probability. O ÷_ statistics for the beam distribu-

tions are not conclusive, although it can be said that O *÷

beams occur with about 10% probability at the same latitudes

and local times as for O*. Since O ÷ beam statistics increase

uniformly with activity, we might expect the averaging of O "÷

beams over all Kp to lower the mean proportions shown in

Plate 2. The M/Z=2 beams, a category which also contains

measurements of-1 keV protons, follows the auroral oval

with ~10% probability.

For all ions the asymmetric PAD (Plate Ic, and also referred

to as upwelling ion events) has greatest occurrence on the

prenoon dayside at invariant latitudes above 65 ° for the light

ions and above 75 ° for the heavier ions. In addition, there are

significant probabilities, increasing with Kp, in the afternoon

dayside, and, for the light ions, in the region about 20-22

MLT above 70: ILAT. The overall level of occurrence is

higher during active conditions by as much as 20%: much of

this increase being the increased afternoon dayside events.

Unlike H* and He*. few O", M/"Z=2. or O"" asymmetric events

are observed for the polar cap. Lockwood et al. [1985a] noted

that when the dayside cleft upwelling feature is identified for

O ÷. the feature is present for all ions measured, so that the cleft

region behavior exhibited by O* is representative of that for

H ÷, He +. M/'Z=2, and O ÷+ as well. The reverse is not always

true. When sorting the lighter ions, the programmed pattern

recognition algorithm identifies additional periods of time as

fitting the asymmetric criteria (skew coefficient >0.75).

Therefore more samples and spatial coverage are tagged as

asymmetric for H* and He ÷ than for O ÷. The upwelling ion

events associated with the dayside cleft region [Lockwood et

aL. 1985a] are clearly seen in the O* statistics but are imbed-

ded within a larger population of heat flux distributions for H*

and He'.

H ÷ intermediate distributions (Plate Id} occur at 10-15%

probability across the dayside between 60 ° and 70o ILAT and at

10-15% probability over the polar cap. He* and O* intermedi-

ate are at 10-20% probability over the polar cap and between

65 ° to 70 ° ILAT for all local times. Those over the polar cap

increase in probability with activity. Statistics for O ÷÷ fol-

lows the O* pattern with a similar spatial pattern but somewhat

lower probability. Few M/Z=2 intermediate events are ob-
served above 55: ILAT.

Plate 3 shows low-altitude (R E _. 3.0) ILAT versus MLT pc-
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currence probabilities for downflowing distributions (Plate 3a)

and field-aligned conics (Plate 3b). Results are shown only for

H +. HeL and O + and divided into Kp < 3 and Kp > 3. The

downflowing distributions (Plate 3a) are difficult to distin-

guish from the rammed category for the RIMS energy range

because the downward drift speed of the ions tends to be rela-

tively small. H + downflows are discernible at polar cap lati-

tudes above 80 ° with an increase in occurrences with activity.

There are also H ÷ downflows at 700-75 ° ILAT from 11 to 13

MLT. O" downflows appear over the nightside polar cap above

80 ° ILAT with no resolvable change with activity increase.

Irregular regions of O ÷ downflows also appear below 60 ° ILAT

and are believed associated with convection near the plasma-

pause. Occurrences of He", M/'Z=2, and 0 *÷ downflows are less

than 5% overall. The H + unidirectional conics (Plate 3b) are

most frequently observed at invariant latitudes between 70 °

and 80 ° in the dayside local time sectors, and at invariant lati-

tudes between 60 ° and 70" on the nightside. There is an in-

crease (about 10%) in probability for observations of conics

with an increase in magnetic activity. The unidirectional

conic occurrences for the remaining ions are below 10% al-

though, at least in the case of He', the occurrences show hints

of following the H _ pattern.

4.3. Higher-Altitude (3.0< R E <4.67) Observations

Plate 4 shows high-altitude (3.0 < R E < 4.67) ILAT versus

MLT occurrence probabilities for rammed (Plate 4a), field-

aligned beams (Plate 4b). asymmetric (Plate 4c), and interme-

diate distributions (Plate 4d1. Results are for H ÷, He', and 0 ÷

an0 divided into Kp _ 3 and Kp > 3. Corresponding statistics

for M/"Z=2 and O ÷÷, without the Kp division, are shown in Plate

2.

The high occurrences of heavy ion rammed distributions

(Plate 4a) at low altitudes do not appear in the high-altitude

statistics. In fact, there is almost a complete absence of

rammed distributions at auroral zone and polar cap latitudes for

all the ions measured with the exception of a small area of

about I0-15% probability for high activity at 70°-80 ° ILAT

postmidnight for H ÷ and at 65°-75 ° ILAT premidnight for O ÷.

Again, the probabilities below 60 ° to 65" ILAT are associated

with plasmasphere isotropic distributions.

H ÷ high-altitude beams (Plate 4b) occur not only for auroral

latitudes but at all latitudes greater than 70 ° across the full day-

side sector. On the nightside, beams are observed with compa-

rable probability only for auroral oval latitudes from midnight

to dawn, the beams almost disappearing at from dusk to mid-

night. He _"beams occur with greatest probability (20-30%) at

invariant latitudes between 60 ° and 80" between 6 to 19 MLT.

There are somewhat lower, but still significant (15-18%),

probabilities at 60 ° to 65 ° latitude from midnight to dawn. O"

high-altitude beams occur with greatest probability during

higher activity. These are at latitudes greater than 70°-75 °,

covering the entire polar cap between for all local times; and

also from 60 ° to 65 ° between midnight and noon. For the

high-altitude observations, in addition to an invariant latitude

expansion with increasing magnetic activity, the beams are
also observed at lower invariant latitudes for heavier masses.

This expansion is between 5 ° and 10 ° for each of the mass

species. For M/Z=2, a category which also contains

measurements of -1 keV protons, there is about 15%

probability between 75" and 80 ° ILAT on the dayside and

between 60" to 70 ° ILAT on the nightside. The probability for
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O _÷ unidirectional beams is less than 10% with the exception

_)f a small area of about 15% probability at 70°-80 ° ILAT and

11-13 MLT.

The asymmetric distributions (Plate 4c) make up less than

5% of the PAD samples at high altitude with the exception of a

small area of about 10% probability for H" at 65"-75 ° ILAT on

the nightside for high magnetic activity. Similar to the ram

and asymmetric results, the intermediate category (Plate 4d) is

a much smaller proportion of the high-altitude sample popula-

tion and. instead of appea-ing spread over the entire polar cap

as for the low-altitude observations, they are limited to the

nightside auroral zone between 20 MLT and 2-4 MLT. The dis-

tribution of observations is similar for all ions with lighter

ions appearing at slightly lower latitudes and movement to-

ward higher latitudes with higher magnetic activity.

4.4. Absence of Cold Plasma Observations

Plate 5 shows low-altitude (R E < 3.0) ILAT versus MLT oc-

currence probabilities lot nothing observed (Plate 5a) and low

count distributions (Plate 5b) and high-altitude (3.0 < R E <

467) probabilities for nothing observed (Plate 5c) and low

count distributions (Plate 5d). Results are shown for H ÷, He",

and O" and divided into Kp < 3 and Kp > 3. Statistics for

M/Z=2 and O "÷, not sorted for activity, are shown in Plate 2,

H* low-altitude nothing observed events (Plate 5a) occur for

latitudes above 70 ° ILAT across the nightside and above 80 °

ILAT across the dayside for low Kp and with lower frequency

above 70 ° ILAT at all local times for high Kp. For high alti-

tude the H ÷ nothing observed events (Plate 5b) occur over the

polar cap and, for low Kp, at auroral zone latitudes near mid-

night. There is also significant probability below 60* ILAT at

dusk, indicating a depletion of thermal ions in the plasma

trough area there. He*" low-altitude nothing observed events

occur at >30% probability for all latitudes above 65* across

the nightside and above 70* ILAT across the dayside. There is

an expansion to slightly lower latitudes for higher Kp and

slightly overall decreased probability. For high altitude the

He _ nothing observed events occur at >50% probability for all

latitudes above 65*-70 ° ILAT at all local times. High-altitude

O _ nothing observed events occur at up to 75% probability

over the entire polar cap and auroral zone area for low Kp; for

high Kp the O* nothing observed events drop dramatically in

frequency and follow the auroral oval pattern. O ÷÷ generally

follows the pattern of O ÷, although without division with Kp it

is not known whether a decrease in occurrence probability oc-

curs with activity. M/'Z=2 follows that of He",

Low-count statistics are not significant at low altitude

IP[ate 5c), the observations that do occur appear at outer plas-

masphere/plasma trough latitudes, For high altitude the low

count category (Plate 5d) becomes important for the H ÷ ion

near midnight at auroral zone and polar cap latitudes.

5. Discussion

The low-energy (<50 eV) H ÷, He". O". M/Z=2, and O ÷÷ RIMS

spin angle distributions for latitudes greater than 60 ° have

been classified into the following pitch angle distribution cat-

¢gories: unidirectional field-aligned beams, downflows, con-

its. asymmetric, rammed, intermediate, low counts, and noth-

_ne observed.

5.1. Ionospheric Source Regions

The statistical survey shows that low-energy outflow from

the high-latitude ionosphere occurs for all the measured ions

with a spatial and statistical distribution dependent on mag-

netic activity. For convenience, we discuss the outflows in

terms of three regions: the dayside cleft, auroral zone, and po-

lar cap.

During quiet times, cleft region upwetling ion events (the

asymmetric distributions in Plate I) are observed almost ex-

clusively in the prenoon sector. The area of most probable

observation becomes smaller and is bounded at higher invari-

ant latitudes for the heavier mass species. These asymmetric,

field-aligned spin distributions are identified as ions carrying

an upward heat flux. with both parallel and perpendicular ve-

locity components, and so "upwell" in response to heating be-
low the satellite [Moore et al.. 1985: Biddle et al., 1985;

Lockwood et al.. 1985a]. Moore et al. [1985] demonstrated

that the upwellings exhibit conic structure in the energetic tail

of the distribution and suggested that the distinction between

the unidirectional beam, conic, and upwelling categories may

be a matter of the degree by which transverse acceleration af-

fects the low-energy core of the distribution. The probability

of observing upwetling events in the morning sector is rela-

tively steady regardless of activity level which contrasts

sharply with the large increase with activity seen with the au-

roral O ÷ outflowing beams (Plate lb). This is consistent with

Lockwood et al. [1985a] in which these prenoon O" outflows

from the polar cleft ionosphere were first identified as a major

source of heavy ions for the polar cap magnetosphere. There

is, in addition, a distinct spatial change for cleft outflow with

increased activity - at higher Kp levels upwelling events ap-

pear on the afternoon dayside and the area of peak probability

spreads to lower latitudes. In a study of the source characteris-

tics of these events, Moore et al. [1986] found typical ener-

gies to be of the order of 10 eV and found that the distinctive

transverse ion heating exceeds gravitational escape require-
ments. Evidence from this and the other studies indicates

then, that the dayside prenoon cleft is a consistent source of

low-energy ions of velocity sufficient to escape to outer mag-

netosphere regions regardless of species (including the minor

ions M/"Z=2 and O ÷÷) or activity level and that the dayside af-

ternoon auroral zone becomes an additional source during in-

creasing activity.

While it is clear from the statistics that this asymmetric

data signature, an indicator of transverse heating in the iono-

spheric outflows, is specific to auroral latitudes, it cannot be

unambiguously stated that they are unique to the dayside

auroral zone. Figure 6b shows the peak observance of these

events to be between 1,5 and 2.0 R E geocentric altitude.

Unfortunately, due to a combination of instrument operation

and orbital constraints, samples taken below 1.75 R E geocen-

tric cover only the 5 to 12 MLT range. Samples between 1.75

and 2.0 RE geocentric add auroral latitudes from 19 to 24 MLT.

If. as has been suggested, the upwelling data signature evolves

by magnetic folding to a field-aligned conic distribution, and

if the asymmetric data signature does exist for the entire auro-

ral zone. we would expect to find ample evidence of conics at

nightside auroral latitudes, which is the case as can be seen in
Plate 3b.

Low-energy ion outflows associated with the auroral oval it-

self are mainly of the unidirectional beam type tPlate lb). For
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H*, unidirectional beams are observed in the auroral zone for

most all local times, increasing by about 10% with activity.

The beam distributions are observed at progressively lower

invariant latitudes for heavier mass species, These

_bservations are in agreement with the earlier studies of

Ghielmettt et al. [1978] and Gorne_, et al. [1981] in that the

_ccurrence of upward flowing bcams appears to be associated

with the statistical auroral oval. The occurrence frequencies

peak more equatorward on the nightside than for the dayside,

and peak at lower invariant latitudes during disturbed times.

The observations are also consistent with Yau et al, [1984],

who also found that the oval of upflowing beams is energy de-

pendent (the low-energy upflowing oval occurring poleward of

the energetic ion uptlowing oval_. In addition, for heavier

ions the beams display a distract asymmetry in distribution

speed between dawn and dusk local time sectors. For He + and

O" the unidirectional beams are observed primarily for the dusk

sector and increase significantly in probability with increas-

ing activity (as much as a 30% increase for O+). The "nothing

observed" category complements this duskside behavior by

having probability greater than 50% in this same region for

I_w activity and decreasing sharply for high activity (Plate

5a). In the dawn sector the heavier ion distributions, espe-

cially O"'. tend to be the lower velocity rammed type (Plate

la). Since the unidirectional beam distributions generally

have adequate escape velocity (Figure 4). the auroral zone then

appears to be a steady source of escape velocity H ÷ for all local

times, a steady source of escape velocity He* ions on the

duskside, and a source of escape velocity heavy ions on the

duskside but primarily during increased activity. The fact that

the He* and O ÷ low-altitude dawn-sector rammed and

intermediate distributions (Plates la and Id) fill in the missing

beam distributions suggests that there is an amount of low-

energy heavy ions unable to escape to high altitudes unless

acted upon by energization processes which are correlated with

increased activity. The M/Z=2 ion beam statistics contain

measurements of -I keV protons and so it is unclear whether

escape velocity outflows other than the asymmetric type exist

r_r this mass type.

l:or latitudes poleward of the auroral zone the pitch angle

distribution statistics vary with mass, activity level, and local

time. The majority of the heavy ion observations in which

significant counts are detected (>50 or 60%) are of the rammed

and intermediate type (Plates la and ld), which still indicate

field-aligned upflow, but with velocities comparable to the

spacecraft and shown in section 3 not to be sufficient for es-

cape to higher altitudes without additional energization. There

is also a dawn-dusk asymmetry reflected in the ion distribution

'speed" in which higher speed distributions appear with great-

est frequency at dusk and lower speed distributions have great-

est frequency at dawn. There appear to be small changes in the

probability levels with magnetic activity, a slight increase in

rammed distributions, and a small decrease in intermediate ob-

_,crvations: however, it is important to note that there is al-

ways low-energy O ÷ at low altitudes over the entire high-

latitude region regardless of activity (Figure 6b). On the other

hand. H _ has a significant number of heat flux (asymmetric),

unidirectional beams, and intermediate events for latitudes

poleward of the auroral zone, the probabilities for these cate-

,g¢_ries increasing with activity. There are relatively few

rammed distributions H +, although the "nothing observed"

c_ltegory for H ÷ has >50% probability for low Kp. The He* ob-
servations have characteristics of both H ÷ and O _, the "noth-

ing observer'/heat flux statistics of H ÷ and the

rammed/intermediate statistics of O +. Overall. the region

poleward of the auroral zone is again a consistent source of

low-energy ions, although we would expect only the lighter

mass particles to have sufficient velocity to escape to higher
altitudes.

5.2. Evolution of Field-Aligned Distributions

During Outflow

By comparing distribution types at low altitudes with those

at high altitudes we can infer something about how low-energy

ion distributions evolve after ionosphere injection. The

rammed distributions, which make up a significant portion of

dawnside heavy ion observations at low altitude, essentially
disappear at high altitude (Plate 4a). These either reenter the

ionosphere or are trapped by magnetic mirror effects. If these

low drift velocity rammed distributions instead experienced

energization, such that the ramming effect no longer domi-

nated, then we would expect a significant portion of "faster

speed" distributions such as intermediate or field-aligned

beams in the dawnside polar cap, which is not the case. For

similar reasons the intermediate distributions seen at low alti-

tudes are also believed to return to the ionosphere or remain

trapped. At low altitude, only the asymmetric and field-

aligned conic distributions, which reflect a significant degree

of transverse acceleration, and the field-aligned beam distribu-

tions appear to account for the statistical patterns observed at

high altitudes. The observations support two mechanisms.

which may well be related, for low-energy outflow into the

outer magnetosphere (the cleft ion fountain, so named by

Lockwood et al. [1985b], and its counterpart in other sectors

of the auroral oval) what the present authors call the auroral

ion fountain.

The cleft ion fountain, as explained by Lockwood et al.

[1985b], consists of ionospheric plasma of 1-20 eV energy

streaming upward into the magnetosphere where high-latitude

convection electric fields can modify the ion path resulting in

a poleward dispersion. This effect is a well-documented feature

[cf. Waite et aL, 1986; Moore et al., 1985; Tsunoda et al.,

1989] and is clearly evident by the beam distributions at high

altitude over the polar cap (Plate 4b). It is not certain whether

all the high-altitude O* polar cap observations originate from

the cleft ion fountain mechanism; however, the very low

probabilities of observing escape velocity O* outflow at low

altitudes in the polar cap would indicate that this is so. The

outflows in Plate 4b also demonstrate the mass spectrometer

effect associated with the cleft fountain whereby the lighter

ions escape to the magnetosphere tail regions, but the heavier

low-energy ions, such as O". are more influenced by the con-

vection electric field and are swept toward the nightside auroral

region and plasma sheet. For weaker convection, heavier ions

outflowing on the dayside would be swept antisunward over the

polar cap and reenter the nightside polar ionosphere. This is

supported by the Plate 3 O ÷ downflows.

The auroral ion fountain concept is reflected in the field-

aligned beam and conic results. For the RIMS instrument the

unidirectional field-aligned beams correspond to pitch angle

distributions that have not undergone magnetic mirroring and

can be represented by a drifting Maxwellian distribution with

supersonic drift speed [Moore et al., 1985]. Traveling upward.

these ions Ilow along high-latitude field lines that are open; or

closed in a highly elongated fashion such that bouncing would

occur over long time periods and be disrupted by nonadiabatic
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processes. Low-altitude auroral latitudes are populated by
beam distributions near dusk. "slower" intermediate or rammed

distributions at dawn, and conics on the nightside tPlates l

and 3). High-altitude. late-afternoon beams are almost absent;

instead the region is represented by the intermediate and

"nothing observed" categories (Plates 4 and 5). It is hypothe-

sized that low-altitude field-aligned beams flow outward along

auroral field lines, and for late afternoon, experience addi-

tional acceleration, such that the ion energy distribution ex-

ceeds the instrument detection range (>50-60 eV). Higher-

energy beams, particularly those >1 keV, have been shown to

have strong local time dependence, being concentrated nea_"

dusk at auroral latitudes [Gorney et al., 1981; Yau et aL, 1984:

Kondo et al., 1990].

The sequence of events for both the cleft ion fountain and

the auroral ion fountain is consistent with the theory that a

continuum of behavior exists such that the upwelling distribu-

tions evolve with altitude into conics and then high-altitude,

field-aligned flows (cf. Figure 6). Conics correspond to up-

ward field-aligned flows that have some additional perpendicu-

lar velocity component. Conic distributions typical of the

midaltitude nightside have been studied by Moore et al. [1985]

and found to originate between 1000 and 2000 km altitude
which is consistent with the altitude distribution shown in

Figure 6. The study of Gorney et al. [1981], based on electro-

static analyzer data at higher energies (0.09 to 3.9 keV), found

that ion conics occur in the geocentric distance range of 1.4 up

to the $3-3 apogee at 2.3 Rg, or about 2500- to 8000-kin alti-

tude and that ion beams occur primarily above about 2.2 RE. or

7200-km altitude, with the frequency increasing with altitude.

During quiet times the $3-3 conics were associated with the

daytime polar cusp region, but were observed uniformly in lo-

cal time during disturbed times. The older studies did not dis-

tinguish between events peaked near 90* pitch angle (our

asymmetric category) and those peaked between 120" and 170 °

pitch angle (our conic category). However, they are consis-

tent with our observations in that our dayside asymmetric

events exist for all activity levels, while those observations

_ssoctated with our more narrowly defined conic category are

found to increase with activity and are distributed in local

time. The $3-3 results are also consistent in that quiet time

ion beams have maximum frequency in the premidnight sector

and are mainly confined to the dusk sector during disturbed

Limes.

5.3. Considerations on the Absence of Cold

Plasma Observations

The "low-count" and "nothing observed" categories are rep-

resentative of two possible conditions: regions in which the

ions have energy so low that they are repelled by positive

spacecraft potentials or of regions where there are no ions

within the detection range of the instrument, the low-count

samples being those that occur near the limits of the instru-

ment response (-0.1 ions cm 3 with no potential barrier).

Analysis of RIMS data by Olsen [1989] established a density-

potential relationship such that the satellite accumulates posi-

tive charge on entering density regions below 1000 cm -3. ris-

ing slowly to about +1 V at 100 cm 3, and about +5 V at 10

cm _. By preventing measurements of the coldest plasma

components, this potential can mask out an isotropic

background plasma or, when the potential is sufficiently high,

can give the appearance that no cold plasma exists in a region.

This effect is known to be a concern in the plasmapause and

trough region, where densities are of the order of 7 to 70 cm ":_

and the spacecraft reaches potentials of +2 to +5 V [Olsen,

1989]. At altitudes above the ionosphere in the polar regions,

densities again can be sufficiently low so that observation of

ions of classical polar wind speed is possible only during

negative aperture bias instrument modes to offset the positive

potential {Nagai et al., 1984]. We cannot always assume, in

low-density regions, that cold plasma does not exist just

because it has not been measured.

The RIMS H ÷ nothing observed events at low altitude may

be representative of an inability to observe the lowest-energy

polar wind outflows in low-density regions. As detailed in the

above discussion on the "auroral ion fountain," at high alti-

tude near midnight, the H + nothing observed events are

thought to be measurements in which the low-altitude outflows

have been accelerated beyond the range of the instrument. The

He + and O + events in the dusk auroral zone are probably a mix-

ture of the two effects.

6. Summary

We have presented a statistical study of the occurrence fre-

quency distribution of low-energy ion pitch angle distribu-

tions in the near-Earth magnetosphere using measurements

from the retarding ion mass spectrometer aboard Dynamics

Explorer I. A relationship is shown between pitch angle dis-

tributions of different masses (H +, He +. 0% M/Z=2, and O ++)

and velocity characteristics. The added spatial dimensions in

this study relative to earlier work provide a more detailed pic-

ture of ion transport events. Occurrence frequencies are deter-

mined for all measured ions as a function of altitude, invariant

latitude, magnetic local time, and magnetic activity (Kp).

From this study, several characteristics are apparent.

6.1. Overall Occurrence With Activity

The probability of observing H _"and M/Z=2 distributions

for ILAT >60" was found to be independent of magnetic activ-

ity. He" was found to be weakly dependent, while O ÷ and O ÷÷

were strongly dependent on magnetic activity. The large in-

crease in O ÷ and O ÷÷ observations with increasing activity was

found to be composed primarily of escape velocity unidirec-

tional field-aligned and upwelling distribution types.

Upwelling (transversely heated, upflowing) ions occur pre-

dominantly, but perhaps not exclusively, in the pre-noon sec-

tor at 700-80 `' ILAT. At higher Kp levels the events are ob-

served with increased probability on the afternoon dayside and

at slightly lower latitudes for all ion species.

The occurrence of unidirectional beams, for all ion species

including M/Z=2, is consistent with the location and geomag-

netic activity dependent expansion and contraction of the au-

roral oval. The data suggest that beam distributions observed

at higher altitudes are predominately associated with the up-

welling distributions observed at lower altitudes and that the

paths for ions injected at low altitude in the dayside auroral
oval include some amount of convection antisunward over the

polar cap, as suggested in the Lockwood et al. [1985a, b] cleft

ion fountain sequence.

Peak conic and upwelling ion observations occur predomi-

nantly at geocentric distances of 1.75 and 2.0 RE, respec-

tively, while field-aligned beams occur most frequently above

about 2.0 to 2.25 R E, especially for the heavier ions. Since
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angular distributions tend to become increasingly "beamlike"

at higher altitudes because of magnetic focusing it is thought

that the upwelling events may well evolve into the observed

unidirectional conic and beam distributions as the ions travel

outward along the magnetic field direction.

6.2. Ionospheric Source Regions

The dayside prenoon cleft is a consistent source of low-

energy ions of escape velocity regardless of species or

activity level and the dayside afternoon cleft, or auroral zone,

region adds to this source for increased activity.

The auroral oval as a whole appears to be a steady source of

escape velocity H ÷ ions at all local times, a steady source of

escape velocity He" ions for the dusk sector, and a source of es-

cape velocity heavy ions for dusk but primarily for increased

activity.

The region poleward of the auroral zone is a consistent

source of low-energy ions, although only the lighter mass par-

ticles appear to have sufficient velocity to escape to higher al-

titudes,

6.3. Evolution of Field-Aligned Distributions

During Outflow

The observations support two concepts for outflow: (1) The

cleft ion fountain consists of ionospheric plasma of 1-20 eV

energy streaming upward into the magnetosphere where high-

latitude convection electric fields modify the ion paths result-

ing in a poleward dispersion of the ion trajectories. (2) The

auroral ion fountain consists of field-aligned beams which

stream outward along auroral latitude field lines, and in addi-

tion. for late afternoon local times, experience additional ac-

celeration, such that ion energy distributions tend to exceed

the detection range of the instrument (>50-60 eV).

6.4. Absence of Cold Plasma Observations

The "low-count" and "nothing observed" trends with mag-

netic activity appear to complement that of the unidirectional

field-aligned beam distributions and are representative of two

possible conditions: regions in which the ions have energies

relative to the spacecraft so low that they are repelled by posi-

tive spacecraft potentials or regions with no ions having en-

ergies within the detection range of the instrument. We can-

not always assume, in low-density regions, that cold plasma

does not exist just because it has not been measured.
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Observations of Polar Ion Outflows
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The characteristics of the polar ion outflows as observed in the tolYside polar ionosphere by the Dynamics Explorer
Retarding Ion Mass Spectrometer are reported in this study. The study is restricted to altitudes between 1000 and

4000 km in order to locus on the phenomenon of the "classical polar wind." Except insofar as they convect into the

polar cap at these altitudes, auroral and cusp/cleft outflows are specifically excluded from this study. Using a
method based on the "'relative wind" of ions as seen from the moving spacecraft, averages and variances of the

magnetic field-aligned ion flux and velocity, and the species densities, are derived and binned for examination of

their altitudinal, seasonal, and magnetic activity dependencies. The data set used encompasses the period trom

autumn 1981 through 1983. the altitude range from 1000 to 4000 km. and invariant latitudes greater than 70*.

Observations of H'. He -. and O- with energies down to spacecraft potential are reported. It is found that the

polar outflows are not well correlated with common indicators of solar or geomagnetic activity, The average
parameters of the outflows exhibit a winter enhancement of He* flux. a winter decrease in H- flux. and a

summer enhancement of the asymptotic outflow speeds of all species. The solar Fro7 (and hence EUV) flux is
correlated with the acceleration profile of the flows, with slower flow velocities at 2500 km altitude for active solar

conditions. Evidence is found that the H" flows are. at times, subsonic in the altitude range studied, in contrast to
cold polar wind models,

INTRODUCTION

The upward flow of ionospheric ions from Earth's polar region

has been studied extensively over the past two decades with the

bulk of the work being theoretical. The earliest suggestions regard-

ing this phenomenon were based on the then new idea of open

magnetic field lines connecting the polar ionosphere to the distant

magnetotail and the solar wind magnetic field which would provide

a means of escape for ions energetic enough to overcome Earth's

gravitational pull. Dungeyl1961] noted that open magnetic field

line_ should upset the plasma equilibrium along those field lines.

Dess/er and Michel [ 1966] and Nishida [ 1966] pointed out that at

sufficiently high temperatures H + would "'evaporate" from the

ionosphere and escape into the tail. Numerical studies involving

solutions to the steady state hydrodynamic equations showed that

when the dominant species in the ionosphere is O ÷ these heavier

ions and electrons play a role in the ion outflow process by creating

an ambipolar electric field through which the lighter H + and He*

are accelerated IBanks and Hol=er, 1968. 1969a,b]. Aaford [ 1968]

invoked this "'polar wind" flow to provide a nonthermal escape

mechanism for He from the terrestrial atmosphere. Following these

initial modeling efforts, discussions of the outflow under collision-

less conditions spawned several kinetic models lDessler and

Cloutier. 1969: Lemaire and Soberer. 1970. 1971. 1972J which

were later shown to be in agreement with the hydrodynamic formu-

lations [Banks et al., 1971].

Increasingly. more detailed models have been developed to

study the dynamics and energetics of the outflow of H + . He",

and O _ from the polar region IMarubashi. 1970: Hol=er et al.,

Copyright 1991 by the American Geophysical Union.
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PRECEDING

1971: Lemaire, 1972: Banks. 1973: Bailey and Moffett, 1974:

Banks et al.. 1974, 1976: Strobel and Weber. 1972; Raitt et al.,

1975. 1977, 1978a.b: Schunk et al.. 1978; Schunk and Watkins.

1979,- ! 98 I. 1982: Ottle.v and Schunk. 1980: Gombosi et al.. ! 985;

Barakat et al.. 1987; Schunk and Sojka. 1989]. All but the most

recent of these have been reviewed by Raitt and Schunk [19831.

The basic predictions for ion outflow have remained roughly the

same over two decades at _ I 0 s and _ 107 ions cm --_ s- _ (at 1000 k m

altitude) for H + and He +, respectively.

Raitt and Sclumk 119831 have pointed out the lack of experi-

mental observations of the polar cap outflows. To date. the results

include initial observations of the nondiffusive density profiles

and upward H- flow by Hq_/m,u 119701 from Explorer 31 and

measurements of the outflow of H- and He- from ISIS 2 bx

Ho._t)mm et al. 119741 and Hq_/mtm aml Dod.wm 119801. This

latter study included data |rein a 4-week peri¢',d centered on the

winter and summer solstices and the spring and autunm equinoxes

of 1971 and 1972 with approximately 50 orbits of data for each

season at an altitude of t400 kin. The basic results include H-

fluxes of the order of 10 '_ cm --_ s-r and He- fluxes of the order of

107 cm -2 s-I (at 10_X) km altitude) with strong seasonal

dependence.

Case studies of polar outflow have recently been carried out

using data from the Dynamics Explorer (DE)mission [Gmgioh,

and Burch, 1982: Sojka el al.. 1983: Nugai el al.. 19841. These

studies concentrated on the ion velocity distributions of polar

wind outflows demonstrating the supersonic behavior of the H -

ion outflow at high ahitudcs. Bithlh, et ,I. 119851 also used DE

data to determine the ion heat flux in polar wind outflows and

found at least one case to be in agreement with theoretical predic-

tions that the sense of the heat flux should reverse as the plasma

flow becomes supersonic. In addition, results of statistical studies

of upflowing ions with energies greater than 10 eV have been

pre_nted by Yau et al. l1985a.hl.
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The following results arc based on observations of polar cap ion

outflows using the retarding ion mass spectrometer (RIMS) on DE

I (Chappell et al.. 19811. The purpose is to show average values
of ion flux, velocity, and density as well as altitudinal, seasonal.

and magnetic activity-related variations in the polar outflows for

energies down to ionospheric values (<1 eV), The addition of

these results to those already published will provide a more

complete picture of the phenomena of ion outflow from the polar

region.

DATA AND TECHNIQUES

The data for this study were taken during the period from

October 1981 through April 1983 and cover the altitude range
from 1000 to 4000 kin. All observations are from the RIMS radial

detector which samples ions in the satellite spin plane. The spin

plane contains the satellite velocity vector and is parallel to the

orbit plane. The ion velocity and flux measurements are obtained

by integrating the observed flux over the spin cycle of the satellite

for a zero retarding potential analyzer (RPA) voltage. A full

description of the technique with error analysis can be found in

the work by Chandler aJM Chappell [19861.

It should be noted that using the zero RPA setting implies that

any supenhermal population which may be present in the high-

latitude ionosphere will also be included in this analysis. This is

unavoidable since these data are taken from the period when the

RPA was not functioning. An attempt has been made to minimize

the possibility of "'contamination" by superthermal populations of

either auroral or cusp origin by restricting the observations to

invariant latitudes greater than 70 ° and altitudes below 4000 kin.

The velocity measurements were made under the assumption of

zero convective plasma motion in the satellite spin plane. Error

analysis shows that this assumption results in errors of less than

50ck in the resulting velocities for convective electric fields, at

ionospheric altitudes, of less than 100 mV m -t. To minimize the

effects of convective electric fields the data have been restricted to

invariant latitudes greater than 70*.

For the average flux and velocity values the statistical standard

deviation is typically of the order of the average value of the quan-

tity. Thus all error bars shown in this paper are the statistical

values for one standard deviation. Chandler and Chappell [ 19861

concluded that the error in determining the ion velocity was of the

order of 100 m s-_. In the present study the data have been aver-

aged into 2°-wide bins in spin-phase angle. This +_.I° uncertainty

in the angles yields errors of the order of 20% following the error

analysis of Chandler and Chappell 11986]. However. it also

yields a lower limit on the measurable velocity of _150 m s-I

(under the assumption that the satellite velocity is 8 km s -I and

perpendicular to the magnetic field). Given the high outflow

velocities for H"- and He + the 20% error is the more useful

number. For O +. however, this lower limit results in some

ambiguity for the lowest measured values.

The calculation of ion densities in this study assumes zero

spacecraft potential. Because of the large spacecraft velocity the

O ÷ ram energy was >4.5 eV in all cases. Thus the O" Mach

number, relative to the spacecraft, was >2 (assuming an O +

thermal energy less than I eV) and only small errors (<20%) in

the O + density calculations are expected due to spacecraft poten-

tial. Likewise, the He + Mach number was likely to be >1 result-

ing in errors less than a factor of 2 for potentials less than 2 V. On

the other hand, the H '" Mach number could range from I down to

0.5 for a I eV thermal energy resulting in density estimates too

low by up to a factor of 4 for potentials up to 2 V. However, the

average O + density in this data set is >500 cm -3 at all altitudes

which, based on the results of OIsen [1989], gives an estimated

spacecraft potential of less than I V. For a I V potential the max-
imum errors for He + and H + densities become factors of 1.3 and

2.0, respectively. These estimates of the reduction of flux due to

positive spacecraft potential are derived from simulations of the

RIMS instrument using the equations of Parker and Whipple

I i 9701.

Approximately 2000 I-rain-duration observations were

analyzed for each ion, After restricting the data to high latitudes

the total number of observations is 914 for each ion species. The

distribution of data samples with respect to season was 61 samples

in spring, 205 samples in summer, 521 samples in autumn, and

127 samples in winter.

OBSERVATIONAL RESULTS

Average Flux

Variability with geophysical parameters. It is expected that the
outflow of ions from the polar regions will vary in its magnitude

with variations in geophysical parameters. The RIMS polar wind

data have been studied in an attempt to show the magnitude of
such variations in velocity and flux. The polar wind outflow

should vary with season as a result of changes in the solar EUV

input as well as from known seasonal variations in the neutral
atmosphere composition (e.g.. winter enhancements in [HI and !

[He]). Table I shows the average flux of H + and He + for four

seasons defined by contiguous periods centered on the equinoxes

and the solstices. The H + flux exhibited a factor of 3 variation ovex_

the seasons, being largest (I.5x 108 cm--" s-I) in spring and
smallest (5 x l07 cm -2 s-I) in the winter. In contrast, the He + flu_t

was observed to reach its maximum value in the winter (2 X I0

cm -2 s-I) and its minimum value in the summer (I x

in addition, the He + winter value was larger than that

spring by a factor of 2.

TABLE I. Seasonal Variation of the Polar Wind Flux ' '

Season H * He ÷

Winter 6x 107 2x 107 --:'i

Spring 1.5x 10_ I x 107 , :i

Summer 5x l0 T I x 10t' .,_
Autumn 8x 10"r 6x 10°

Solar cycle variations. The RIMS data in this study come from

a period of declining solar activity. However, because of the rela_;

tively short time period spanned by the observations, the variation

in the solar 10,7 cm flux was not large. There are few observa-

tions from periods of Fi07 > 200 (10 -'-2 W m--_ Hz -I) and fewei"

• ",', ", i • i.'.,_stdl for Fio 7 < 100 (10--- W m-- Hz- ). Also, for the winter Ix) -_

tion of the year there was insufficient spread in the F,> 7 values t0_
make meaningful correlations with the magnitude of the flux• For,_

the summer season the spread was large enough to provide results;-_

however, there is no indication of a significant trend in the data

with respect to Fio.7.

Variation with magnetic activita'. To determine the effects of

geomagnetic activity on the ion flux in the polar region, two

indices were chosen, Kp and Ap. In the correlations of flux with

the Kp index it was found that using the index from the 3-hour

period previous to the time of a given observation resulted in aver.

t_¢_,X_k PAGE I$
OF POOR otlAurI_



CHANDLER ET AL.: OBSERVATIONS OF POLAR ION OUTFLOW 1423

ages with smaller standard deviations. While there exist some

variations in the observed outflow with the Kp index, the vari-

ation is only a factor of 3 over the entire range of values observed

(0 to 7-). Similarly, the variations in H + with the daily-averaged

Ap also show about a factor of 3 variation. Neither of these vari-

atiions is considered significant when compared to the standard

deviations about the means.

Average Velocio'

The average H + upward velocity, from all data at invariant lati-

tudes greater than 70 °. is shown in Figure I. At altitudes below

-2000 km the average speed is near constant at 3-4 km s -n . In the

region between 2000 and 3000 km the speed increases to - l0 km

s-I and remains nearly constant, albeit with an increased standard
deviation, above 3000 kin. In order to illustrate the effects of dif-

ferent geophysical parameters on the ion speed, the data was

binned according to the day of the year and by the value of the

10.7-cm solar flux. Figure 2 shows the H + velocity averaged over

day-of-year for values of the 10.7 cm flux <140 (10 -2-" W m -2
Hz -n) and >!90 (10 --'2 Wm--" Hz-U). While this binning excludes
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Fig. I. The average velocity of H" as a function of altitude for all data.
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Fig. 2. The average velocity ofH * as a function of ahitude forFm "T< 140
(10 22 W m-2 Hz-') and F,o_ > 190 (10--'2 W m -2Hz-').

a significant number of observations which fall in the range trom

140 ( 10=22 W m -2 H z- =) to 190 ( 10 -.22 W m -2 Hz- i ), the separation

between the bins accentuates the differences. The difference

between these two profiles appears in the midaltitude region

where for low Fi0 7 the speeds in this region are -50% higher than

for high El0.7 flux. In addition, in the high Fi07 flux case the

acceleration occurs above 2000 km whereas for the low Fi07 flux

case the increase in speed begins below 2000 kin. While this
effect is small and is within the standard deviations, the fact that it

is seen in all the averages between 1500 and 4000 km suggests

that it is indeed a real effect.

For averages over all Fie7 values but at different seasons of the

year the profiles again exhibit significant differences. In Figure 3

the speeds are shown for the summer season (May 6--August 4 in

the northern hemisphere and November 4--February 3 in the

southern hemisphere) and the winter season (November

4-February 3 in the northern hemisphere and May 6-August 4 in
the southern hemisphere). There are no significant differences in

the average speeds in the altitude range below 2000 km. How-
ever, at altitudes above 2500 km the average speed for summer is

-25-70% higher than the winter average. Again, as in the case of

the results in Figure 2, the deviation about the mean is large in the

high-altitude region, suggesting additional influences controlling

the maximum speed,
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Fig. 3. The average velocity of H" as a function of altitude for the summer
season and the winter season.

The two-season binning is not entirely satisfactory for showing

the real seasonal variation. Unfortunately, there are insufficient

data to allow meaningful results as a function of altitude to be

obtained for all seasons. There are sufficient data to produce good

statistics for the autumnal equinox case. As might be expected the

maximum average speeds fall between those for summer and
winter.

The outflow speeds for He + are about a factor of 3-4 less than

the H + values on average, although the deviations about the mean

values are similar. While the altitude profiles are similar to those

of H _. there exist some noticeable differences. Figure 4 shows the

He _ speeds for high and low Fie _ flux. Due to the larger variations
about the mean values these results arc not as clean as those for

H +. The results are. however, similar to those for H * with regard
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to the Fio7 variation. As for the seasonal variation (Figure 5) the

difference between summer and winter is less than 20% (with the

summer velocities lower than the winter velocities) which is much

less than the standard deviations.

In the majority of the observations the O + outflow speed was

less than 2 km s -* so that experimental uncertainties make a

comparatively larger contribution to the standard deviations. Thus

the statistical significance is less than for H ÷ or He +.

Velocio' correlations. Over the range of altitudes covered by

this study, O + was the dominant ion. Therefore it is expected that

both H + and He + would behave as minor ions. As the previous

figures have shown there are similarities in the speed-vs-altitude

profiles for the two minor species. To investigate the degree of

correlation between the velocities for the two species, the H +

speeds for altitudes between 2000 and 4000 km have been sorted

into bins with 2 km s -_ widths and averages have been computed

for the corresponding He" speeds. Figure 6 shows the results

along with a linear fit to the data. The resulting parameters are

given in the figure.
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Fig. 5. The average velocity of He ÷ as a function of altitude for the summer
season and the winter season.

The results in Figure 7 show H + velocity vs. O + velocity for

altitudes greater than 2000 kin. While there is a systematic

increase in the average H ÷ speed with the change in O* velocity

from -2 km s -_ (i.e.. downward) to + 2 km s-' (upward) the effect,

is not striking. However. the range of observed H + speeds, as

evidenced by the bars corresponding to the standard deviation

about the mean value, also increases as the O + speed

from -2 to 2 km s-_. To more clearly illustrate this point, the

imum and minimum values of the H + velocity in each

shown. Note that while the minimum values are about the

for all values of the O + velocity, the maximum H + speed inert

dramatically as the O + velocity increases. At altitudes

2000 km it is expected that the plasma is collisionless. Thus the

processes which are responsible for the correlations seen in Fig

7 must either be taking place lower in the ionosphere or are affect-

ing the accelerating, ambipolar electric field.
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Fig. 7, The average velocity of H - as a function of the O* velocity fol all

data from altitudes greater than 2000 kin. The inverted triangles above the

averages are the maximum H" velocity values in each O * velocity bin. 1"h¢

triangles below the averages are the m n mum H * ve oc_ty values m each O

velocity bin. .,l
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Velocity theory comparison. The average 1on velocities dis-

cussed and shown above exhibit large statistical variations, it is

important to understand whether these variations are indicative of

experimental uncertainty or actual geophysical fluctuations.

Figure 8 is a scatterplot of all the H + velocities used in this study

as a function of altitude. Two points should be noted regarding
these results. First, the values tend toward zero as the altitude

decreases and the width of the spread in velocity increases with

altitude. Theoretical results suggest this type of trend. For

example, the results of Raitt et al. [1975] show the upward H*

velocity increasing from a value near zero at -800 km up to a

maximum value, in the altitude range between 1000 and 2000 km,

which depends on the boundary condition imposed at 3000 kin.

The solid curve in Figure 8 is their result for an upper boundary

velocity of 20 km s-'. This curve encompasses the RIMS results

and follows closely the altitudinal profile suggesting that the fluc-

tuations are mainly geophysical in nature.
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4000

1 0 5 .

' I04
E
U

_ 10 3
o_

°_

® I
10 _

1 0 °

1000

t

tI

I * -- O+

+ -- H +

X -- He"

[l
2000 3000

Altitude (km)

4000

Fig. 9. The average density of each ion species as a function of altitude for
all data samples.

10 4

I

E
(J

m 10 "I
t-
o

,¢,=,

t-

i_ 102

+
-0

X - F,O.7<140

+ - Fm.7>190

' I '

l
-i
-i

-i

7

101 ' I , I ,
1000 2000 3000 4000

Altitude (kin)

Average Density

The average density as a function of altitude (for altitude

intervals of 500 km) is shown in Figure 9. In this altitude range O + 103 .

is always the dominant ion being of the order of 10 3 cm -3, while

H + is _100 cm-'_ and He + is _10cm -3. According to polar wind _,,
theory the major ion, O +, will establish the polarization electric i

field and the minor ions, H + and He +, should have the same alti- E 102

tude dependence as the dominant ion. This is indeed the case in

the observations. When normalized to the O ÷ density, the H + and t-o
He" densities at the higher three altitudes agree with each other ,--,'

and with the O ÷ to within 10%. The ions have different altitude _ 1 01
variations at lower altitudes because of differences in their ion

chemistry. I:_
As with the average velocities, the densities have been aver- + 10 °

aged for the cases of high and low Fio7 flux and summer and :Z::

winter season. In the case of O + (Figure I0) the density increased

with increased FIO.7 flux at all altitudes. This increase (by approxi-

mately a factor of 2) is consistent with an increase in the solar

EUV flux which is assumed to accompany a long-term increase in

the Fj0.7 flux. Conversely, there was no significant change in

either the H + density (Figure I I ) or the He + density (Figure i 2). In

the case of H + , while the O + density increases from solar mini-

Fig. I0. The average density ofO + as a function of altitude for F,o 7< 140
(10-22 W m-2 Hz-t) and Fit)7 > 190 (10 -22 W m-_ Hz-t).
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Fig. I I. The average density of H _ as a function of altitude for F.,7< 140
(10 -_-"W m-" Hz-I) and Flu 7 > 190 (10-2-" W m-" Hz ').
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mum to solar maximum conditions, the [H] decreases and the 103 .

results is little variation in H + density. Likewise, Rain et al.

[ 1978b] found no significant solar cycle effect in the He + density.

The seasonal variations are shown in Figures 13, 14, and 15. E

The O + observations revealed a decrease in overall density from o 10 z

summer to winter of about a factor of 3. The winter density at the Inr-

highest altitudes observed dropped to <200 cm -3 which had signi- ,o

ficant impact on the ability of RIMS to accurately measure the H +
_>"10'

density. This is evidenced in Figure 14 which shows a large dif- ._

terence in the observed H + density near 4000 km. In this altitude r-

bin the summer density is a factor of 4 higher than the winter Q

value. Conversely, at altitudes near 2000 km the densities were +e 100

either nearly equal or higher in the winter. A positive electrical -r-

potential on the spacecraft resulting from the relatively low

electron density at 4000 km in the winter has screened out a por-

tion of the H +. Thus these observations represent a lower limit for 10 -t

the actual values. Note that at the lowest altitudes the winter H ÷ 1000

density is higher than the summer value. This is consistent with a
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Fig. 13. The average density of O* as a function of altitude for the summer
season and the winter season.
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winter enhancement in the neutral hydrogen density.

He +. at the lowest altitudes the winter density is

higher than the summer density, indicative of the winter

helium bulge. But. as with the H +. the observed He +

density at higher altitudes falls to the level of the

tions due to the positive potential.

SUMMARY

The classical polar wind picture is one of steady out:lo_

light ions through a stationary background of O-. Results

study show that when the real outflows are averaged over

of months such steady pictures do emerge. On the other _;tnd

lack of correlation between various geophysical

which vary over different time scales ranging from houPxal

months, suggests that much of the variability in the [

flows is a result of short time scale (<hours) phenomena.

theless, there do exist some interesting aspects of these

averages. Seasonal variations in the light ion outflows follow I
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trend expected from known variations in the neutral atmosphere

Namely, the flux of He + increased by a factor of I0 from summer

to winter. As evidenced in the observations of the density and

velocity this increase was primarily due to increased density in
winter, a direct result of the winter [He] enhancement. The neutral

hydrogen density is likewise known to maximize during winter.

However, the H + flux had a maximum value in the spring. This is
probably the result of the interplay between the seasonal variation
of [H] and that of O ÷ which exhibits a summer maximum.

Combining these two cycles can yield a spring maximum for the

product of [HI and no+.
Correlations with geophysical parameters revealed some vari-

ations though most were small. Variations in the flux with

changes in the solar Fi0.7 cm flux were less than a factor of 3 for

H÷. However, changes in the velocity were evident at middle

altitudes (i.e., 20(K)-3000 km) where the light ions were observed

to undergo the largest net acceleration. The solar output, as

characterized by the Fio.7 value, influenced the altitude at which

this acceleration began, the altitude being _500 km higher at high

Fio7 compared to low Fi0,7. This effect is a result of the higher

neutral temperatures in the exosphere due to the increased solar

output. These higher temperatures increase [OI and decrease [HI

[cf. Richards and Torr. 1985]. The increased IOI and higher

photoionization rate result in more O + as observed (see Figure 10).

As a result H +--O + friction, which restricts the H + upward speed,

becomes important at higher altitudes.

Conversely the maximum speed for the light ions is observed to

be more sensitive to the season than the Fj0.7 flux. The season, or

more importantly, the solar zenith angle, is important in determin-

ing the ionization rate and hence the photoelectron escape rate and

the magnitude of the polarization electric field. Higher ion and

electron temperatures during summer may also play a role

depending on whether or not the H + flow is supersonic.

The ion outflow velocities revealed the influence of solar input

as discussed previously. There was also observed a high degree of

correlation between the velocities of the different ions. As

expected the light ions were well correlated in the magnitude of

their upward speed. The ratio of the He ÷ velocity to that of H ÷
was 0.28 (with a correlation coefficient of 0.71 ). If both ions were

energized in the ambipolar field under conditions of zero colli-

sions and no gravity, this ratio should be 0.5. However. because

of the mass dependence of the energy loss to gravity the net

energy gain for He + is less and the ratio is lower.

The upward speed of H ÷ was also observed to be correlated with

the direction of O" flow. While the average H + velocity did not

show substantial variation with O + velocity, the range of H +

velocities increased as the O ÷ velocity changed from downward to

upward. That is, higher upward H ÷ speeds occurred at times when

O" was also moving upward. These relationships are indicative of

the interplay, by means of the polarization field and collisions,

among the ions which participate in the polar wind flow. For

example, downgoing O + may occur in regions where there exists a

time-dependent decrease in the electron and/or ion temperature of

sufficient magnitude to affect the polarization field. Thus while

the partial pressure of H + in the ionosphere might be sufficient to

cause outflow the reduced ambipolar field would restrict the mag-

nitude of that outflow. Such a case has been modeled by Schtmk

and Sojka [1989] where they found O÷/H + counterstreaming in

regions of decreasing temperature.

The question of subsonic versus supersonic flow is beyond the

scope of the current work, depending on a thermal analysis of the

outflows. Some inferences can be made, however, by comparing

the observations of the H ÷ velocity as a function of altitude to

theoretical results [e.g., Ba,ks attd t-tolzer, 19681. Solutions to

the equations for the H _ Mach number show profiles, correspond-

ing to subsonic solutions, which reach a maximum at some alti-

tude and either decrease or remain constant above that altitude, if

the results in Figure 3 are taken as representative of such a situ-

ation then the implication is that on average the maximum flow

speed during winter was less than the sound speed. The conclu-

sion may then be drawn that at times during the period of the

observations the plasma pressure remained finite along these polar

cap field lines. Indeed, several of the velocity profiles from

individual orbital passes through the polar cap show a similar

structure. Attempts to correlate this effect with geophysical and

solar parameters have. to this point, been unsuccessful. To date,

no theoretical work has addressed this issue through systematic

investigation of outflow characteristics as a function of the

pressure at the "'far" end of the flux tube.

There remains much to learn regarding the nature of the polar

wind. The question of the polar wind Mach number is left

unanswered by this study due to the lack of knowledge of the ion

temperature. Techniques for the determination of ion temperature

from all available RIMS polar ionosphere observations are being

developed. However, the implication of a subsonic polar wind

(e.g., nonzero "backpressure" along polar cap field lines) should

provide impetus for a detailed parametric study of the character of

the polar wind velocity under such conditions using the currently
available theoretical models. Future observations should shed

more light on this topic. Likewise, observations made on shorter

timescales will aid investigators in addressing the influences of

rapidly varying geophysical parameters. Such measurements will

be available from instruments such as TIDE on the ISTP/POLAR

mission.
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PRECEDING PAGE

Update on polar wind thermal character:zation ,_.heme

BLANK NOT FILMED

The application of thermal analysis techniques :o the DE 1/RIM_ polar w:_.d da_aset

is an interesting chalienge0 While the RIMS design was a _i$nifican: improvement to

previous Retarding Potential Analyzer (RPA) instruments, i_.qmass-resolving capabili:ic_

intzoduccd additional complexities [n the fonw ,of an cnc_'-dcpcndcnt so:id angle aperture

attd a' finite energy bandwidth beyot, d the RPA setting. In addition, is-flight maomalies

produced significant diffic_;hies in comparison Lz t._z _tna_.y_is u: t;unvent:.On;,! R.PA

datasets. Parr.lcularly re_.evant to :he R_'IS polar wind dataset _,s:hat the radial head RFA

mcciaamsm failed to operate properly early in me missmn lifetime.

Fortunately moug_, 0y adopting a numencal quadrature approach to the solution of

.the response integral, using sums over the aperture *.,red, scrod angle, an_ energy linuta,

energy-dependen_ complications may be sufficiently s'mulated, And, because se?m'atz si:in

and RPA profiles are available for each of the three instrument heads, the radial head spin

curve and the end head RPA ccrves are usable for tempera:'_re anaiysis even in the absea:e

of the radial head RPA irfformation, Since the effect of zhe radial RPA failure is -:,sif th_

retarding voll_ge wz_ ten,rarely zero, the total counts measurement remains accurate.

Numerical al6orithms of this type tend to be cornputatior.ally inre'a._ive, h,,_t have :he

advantag 0 of bein 8 applicable to a variety of plasma distribution funcficn_.

In the case of dxe polar wind data_.et, further ¢onsideration_ on _e da:a anaIysis

technique are necessary. S',rictly speaking, spacecraft spin angle distribu_eas observed in

si_u are act true pitch ang_,e distributions. The measured spin angle i_ defined in the

tzfvr=nvv frame of tide spacecraft, which i_ differen_ from :he plasma rczt/,'_mc due to

spacecraft motion (2 to 8 kilometers per second, depending on spacecraft al:imde). Thi._

_llfference in reference frame would be of little consequence provided the :hcrmal _¢¢d c.f

the plasma is large compared to the spacecraft "ram ,,peeE, Fur a _pec_t_t _,'t mediatx speed

of 5 krn/s, a factor-of-five ratio of thermal speec; _o spacecraft _peed impfics 3.5 cV for H",

i3 eV tot He" and 52 eV for O*. Because polar wind energies are considerably below thi_

Y



thr,-shold, the RLMS spin ang!e da:a contain informaticr, aooat both the :.r.golar dis_ributiort

of th_ plasma in its own frame of reference (th_ c.or,ver, donal _itc_. angle d!._tribufion) and

the drift motion of the plasma re).ative to _e spacecraft. Those two aspeet_ of ,.'r,strument

rcspon._¢ tend to dorranatc independently - one nr thue_ obscuring the o',her - dopendin8 on

the pl_ma's th_n_ sp_¢d and iu re_Uon te the spacecraft and p_,_sm_ drift speed,

Roughly spea_;iag, it is for subsonic (thcrm_,l speed grcatc, th0,n drift specc1) ion

Much numbers that t.hc _gular ci-._mc_¢risdc_ of th_ tli,,,tEb_:dua a_ b=s_ L_ulvr..d aJ_d fo_

supersonic Much numbers that dri_ motion !s m3st easily :esoiva_le. Note ;ha: in the case

of li+, flow _qli be subsonic for thermal components as low as I eV whea drift ','e!ockies

are less than 15 la_'s. The bottom flue, tot RLMS polar wine da.a, is that the rsiative drear

motion will dominate the spin angle response, leading to a "rammect" t"ux peak: m the

!;,rection of relative wind as seen in the spacecraft frame. The angular (and hence,

temperature} information will be apparent only in the dotaiied sha_ c:" the rammed pe_,_

and may, at limos, become indetermina:e. The end-head RPA profiles then, becem:

ine.re_._ingly important tc the acc_ucate determination of our polar wind thermal propen,.es.

With all these cautions in mind, a numerical gimulatiml mode', of the RLMS

response to a fiowin_ plasma distribution was written [Gile¢ _t at,, _993]. Th*_ _imulation

tochnique improve, on previous work by realistically modeling the interaction of a n'_ovi:_8

._pacecraft whh a drifting plasma and by allowing insertion of a va,:ie:y of d.is_ribu_en

funcr2on_ (for examplo, bi-MaxwclAan, generalized Loren:z (Kt.ppa), e w.l Spit:,.er-Hdtrm

[1953]), the tht'ee-cOmlmZCt:t drift velocity, and a variable sp._c,_c:_ft potcntltJ. For the

polar wind s*.udy, the distribuduu function is assumed to be a fl_wh, g bi-Maxwci'iar, v,,hLh

is accelerated through the potential differ'once between the spacecraft and the Fi_ma. The,

s_.eat about the soacecraft andpoteatial drop i3 _sumod _o occur in an infini_e-,,imnlly thi_: ')" h

the detector, rendering the detail of sheath strut'.are uu;.tnpuxtaa-. The implemcntauon

allows simultaneous fitting or' the radial sector spin curve data and Ltl¢_:t_2 _.c.(at RPA

(energy) curves.



Figore 1 shows ._imul ated RIMS spin.angle and RPA responses ,o a bi-Maxwellian

plasma distribution(gelidlines)and the I:CMS polarw'.-.dd_ta(crn._,¢_.¢_fc_rlq_2/_Ofi

22:17 LIT. Note that the instrumen*, response, for a given detector look direc:ion, is to ions

with velocities anti.parallel to the deteceor Ioo.k direction Plasma distribution parameters

for this fit arc:

density 224 _;ut 3
Tti 0.36 ¢V
T.k 0.2Sev

field.alignedvelocity 4.14km/s
anti-sunwardconvectionveloci,';y 2 km/s

Note that _ese parameters correspond to a cold subsonic outwarc flow (ion Mach

number -0.49), Em'ly predictions indicated tl-,zt the M+ polar wind _i_ermat distributions

shot, ld be anisotrol_ic, with Tli>T.I. for supersonic outflows and Tli<T.L tbr s_bsonic flows.

The present example however, fits in with work by Wu and Taieb [1993] showing that an

upward heat flux may exist even for subsonic flow at low altitude in the high-latitude

ionosphere.

Processingof the RTM,_ polarwind data_etusing :he RIMS simulationcode

continues as of April, 1995. Several su,_ie.s have bean complet_.d which reliex'e difficulties

.'-tssoeiated with fi:tlng muhivariate ft-ncdons. Frequently it is e ma_er of _rT to decide

which variablesin a model should be fitfrom :he dataset,znd which ,¢bouldbe held

constantatfixedvalues,forexample valuespredictedby thsot3'or derivedi.nprevious

m_alysis, In the ea_e of the polar wir.d data so;, variab'.cs po:entidly free for fitting to the

data are the spacr.,g_aI'tl_ote.Uial, plasma densi:y, the two-component plasma temperature,

and the tl'a'cc-component plasm_t bt.lk _u_,,, ve!ocity. In the present implementation, the So":

field-aligned velocity component and fl,ax rn_.,,uL_me._s (m:d so, th: dcn._ity, value) are

taeld l'ixed. Their values were obtained [Chandler eraL, 1991] by iL_tc$_ur.ing _ta_.observed

flux over the spin cycle of tr, e satellite for a zero RPA voltuge. Also, _l'.c sF,,cr.ct'aft

potential va_.ue is held fixed during the tirs_ stage of tl'.e fitting process, an initi:4 value

being derived trom an empiric_ relationsl'_p between :iae pl_ma density and spacecraft



potential[Comfort etat.,1988].VaJue_fitfrom the datasetthenarethetwo.cornDonent

temperatur_ and the remaining two components of the bulk flow velocity. 7he

perpendicularmmpernmte isfitby chi-squ_'emimmiz_tion totheend-heRdRPA profiles.

The paralleltemperatureissimilaEyEt to th_radialh_ad sp'.'r.,angleprofile.The orientW,.io_

cf the spacecraftfor the polarwind data set is s'ach"hat_c, expcc_,;dsnti-sur_ward

cun_'_tivn_._Iuc:ityisalmos_comt:l_teAydesct-ibsdby they cc.mi_oncntof thebuJk flew

velocityvector.This isfitfirstby min!mizadun _ tl:ctajiulh_:d -,_lnat,_l_toL_:fitea_d

then refined throush minimization co th_ end-h_acl profites. Las_, Lhc sDa:ecr_ft po,.ential

valueisfitinthes_me order,tothesame tl'_r_profiles.The/i:infigureIwas ob_ncd by

this method.
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